A WATER MODEL STUDY OF BOTTOM -BLOWN 
OXYGEN STEELMAKING PROCESS 


By 

N. BHARATHA BALLAL 


m 



DEPARTMENT OF METALLURGICAL ENGINEERING 

WfiT INDIAN INSTITUTE OF TECHNOLOGY, KANPUR 

JANUARY, 1979 



A WATER MODEL STUDY OF BOTTOM -BLOWN 
OXYGEN STEELMAKING PROGESS 


A Thesis Submitted 

in Partial Fulfilment of the Requirements 
for the Degree of 
DOCTOR OF PHILOSOPHY 


By 

N, BHARATHA BALLAL 


to the 

DEPARTMENT OF METALLURGICAL ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY, KANPUR 

JANUARY, 1979 



QtlW Ha i 


Ak. A 62 lla 




/hf- f373-q)- |AL- V/f|7 



CERTIFICATE 


Certified that this work on "A Water Model Study 
of Bottom-Blown Osqygen Steelmaking Processes” has been 
carried out under my supervision and that it has not been 
submitted elsewhere for a degree. 



A. G-hosh 
Professor 


Department of Metallurgical Engine 
Indian Institute of Technology 
Kanpur. 


c 

ra.ADu i 

it OFFICE 

Tim i-' - ' 


ar'i>'oved 

for • Ir - 



D: .. 


y (M,.:-'.) 

'n ^ vk- U 


i he 

s 


ladlan 


ai' Technology -Caopur 


Z-o^ 7- 




ACKlIC^fLEDGEMMTS 


I owe a, grea,t debt of gratitute to Professor 
A, Ghosh for his able guidance and constant encouragement 
during the course of this work. 

I am grateful to Professors K.K, Sircar and A.K. 
Gupta for the discussion I had with them during the initi 
stages of this work. It is a pleasure to acknowledge the 
sincere efforts of Hr. A, Sharma throughout the course of 
the work. I am thankful to Mr, V.P, Gupta for his 
cooperation during the fabrication of the apparatus. 
Colleagues in the laboratory deserve my warmest thanks ; 
for their cooperation and help, I would also wish to 
thank Mr, R.IT. Srivastava for the painstaking efforts in 
typing the manuscript. 

Special mention should be made of all my friends, i 
among members of the faculty, graduate and undergraduate ■ 
students, for making my stay at Kanpur a pleasant and 
worthwhile experience. 

The grant for this work from Steel Authority of 
India Ltd, , Ranchi is gratefully acknowledged. 


N.B. BAEiLAb 



GOITEHTS 

Page 

LIST OP TABILS vi 

LIST OP PIGUEES xi 

LIST OP SYlvlBOLS xvii 

SYNOPSIS xxi 

CHAPTER 

1 INTRODUCTION 1 

1.1. Bottom-Blown Oxygen SteelmaJring Processes 1 

1.2. Objectives of the Present Investigation 18 

1.3. Plan of Investigation 20 

2 EXPERIPIENTAL EQUIPIIEHT ADE) PROCEDURE 24 

2.1. Genor-al layout of the Apparatus 25 

2.2. Studies of Gas Mixing in the Jet 46 

2.3. Development of Technique for Studying 53 

PluidPlow Near the Walls 

2.4. Measurement of Mass Transfer Coefficient 66 

and Wall Shear Stress 

2.5. Visualization of Plow 76 

3 Rf]SULTS AND DISCUSSION 81 

3.1. Errors in Results 81 

3.2. Plow Visualization 89 

3.3. &as Mixing in Experiments with Single 96 

Tuyere 

Measurements of Mass Transfer Coefficient 104 
and Wall Shear Stress in Experiments with 
Single Tuyere 


3.4 



Y 


CHIPTSK Page 

3.5. Measurements of Wall Shear Stress in 123 

Experiments with Multiple Tuyeres 

3.6. Inference on Bottom Refractory Wear 140 

Erom the Present Investigation 

4 SUM'IARY MD CONCLUSIONS 144 

5 SUGGESTIONS EOR FUTURE WORK 150 

LIST OE REEERENCSS 151 

APPENDICES 

I CALCULATION PROCEDURES 155 

A1 . 1 . Calculation of Elow Rate of Air 155 

A1.2. Calculation of k, </ k’ , 'c and'/ 'c' 159 

II PROPERTIES OE ELECTROLYTE 164 

A2.1. Diffusion Coefficient of Oxygen 164 

A2 . 2 . C one ent rat ion of Oxyg en 165 

A2.3. Viscosity of the Electrolyte 167 

III RESULTS OE EXPERTMENTS 169 



VI 


LIST OP TABLES 

Page 

1.1 LL Piefractoi^r Performance in Various Steel 15 

Plants of the Viforld 

2.1 Data for a 25 T OBM Converter at Maxhutte A.G., 30 

33 

Germany 

3.1 Current Values Measured with Electrode B^ to 87 

Check Reproducibility of Measurements! d^ = 

0.65 cm, h = 40 cm, 1 = 0, = 0, = 

100 liters/min 


3.2 Experimental Conditions in Gas Mixing Studies 96 

3.3 Experimental Conditions in Measurements of Wall 105 

Shear Stress Using Single Tuyere 

3.4 Parameters 'a' and 'b' in Eq. 3.9 for Various 122 

Experimental Conditions 

3.5 Experimental Parameters in Measurements of 123 

Wall Shear Stress Using Multiple Tuyeres 

3.6 Presentation of the Results of the Experiments 124 

with Ivliultiple Tuyeres 

3.7 Values of the Constant of Proportionality c in 138 

Eq. 3.10 for Various Tuyere Configurations 

A3* la Results of Gas Mixing Studies, h = 40 cm, 170 

Q . =50 liters/min 

air ^ / 

A3. 1b Results of Gas Mixing Studies, h = 40 cm, 170 

Q . =100 liters/min 

air 

A3. 1c Results of Gas Jiixing Studies, h = .40 cm, 171 

' O ■ ' 

Q . = 1 50 liters/min 



Vll 


A3. 2a 


A3. 2b 


A3 .2c 


A3. 2d 


A3. 2e 


A3 . 2f 


A3 . 2g 


B-Bsiilijs of Mg asu-jcs msn't o f Mas s 1 Dransf s 3? 
Coefficient and Wall Shear Stress in 
Experiments with Single Tuyere? Indifferent 
Electrolyte - KOH. h = 40 cm, 1=0, 

Qg/(Qs + Q^) = 0 

Results of Bffeasurement of Wall Shear Stress 
in Experiments with Single Tyg-crc? Indifferent 


electrolyte - KOH. h = 40 cm, 1 


0 , 


Qs/(Qs + 

Results of Measurement of Wall Shear Stress 
in Experiments with Single Tuyere? Indiiferent 
Electrolyte - KOH. h = 40 cm, 1 = 0, 

Q /(Qc. ^ “ 0.10 

Results of Measurement of Wall Shear Stress 
in Experiments with Single Tpyero? Indifferent 
Electrolyte - KOH. h = 40 cm, 1 = 0.65 cm, 




QO = 0 

J 


Results of Measurement of Wall Shear Stress 

in Experiments with Single Tuyere? Indifferent 

Electroljrto - KOH. h = 40 cm, 1 = 0.65 cm, 

Q /(Qq ~ 0.05 

s s 2 

Results of Measurement of Wall Shear Stress 
in Experiments with Single Tuyere? Indifferent 
Electrolyte - KOH. h = 40 cm, 1 = 0.65 cm, 

%/<■% ri .) = 0.1 

Results of Measurement of Wall Shear Stress 
in Experiments with Single Tuyere? Indiff erexct 
Electrolyte- KOH. h = 40 cm, 1 = 1.3 cm, 


Page 

172 


174 


175 


176 


177 


178 


179 



viii 


Pago 

A3.2h ' Results of Moasuroment of Wall Shear Stress 180 

in Experiments with Single Tuyoroi Indifferent 
Electrolyte - KOH. h = 40 cm, 1 1.3 cm, 

^(Qg + Qj) = O-TO 

A3.2i Results of Moasuroment of Wall Shear Stress 181 

in Experiments with Single Tuyere 5 Indifferent 

Electrolyte - KOH, h = 30 cm, 1 = 0, 

Q /(Q + Q.) = 0.0 

s"^ s 2 

A3.2j Results of Measurement of V/all Shear Stress 182 

in Experiments with Single Tuyere? Indifferent 
Electrolyte - KOH, h = 30 cm, 1 = 0, 

+ Q.) = 0.10 

bo J 

A3. 2k Results of Measurement of Wall Shear Stress 182 

in Experiments with Single Tuyere? Indifferent 
Electrolyte - KOH, h = 30 cm, 1 = 1,3 cm, 

+ Qp = o 

A3. 21 Results of Measurement of Wall Shear Stress 183 

in Experiments with Single Tuyere? Indifferent 
Electrolyte - KOH. h = 20 cm, 1 = 0, 

Qg/ (Qg + ) = 0 

A3 ..2m Results of Measurement of Wall Shear Stress 184 

in Experiments with Single Tuyere? Indifferent 
Electrol3''te - KOH. h = 20 cm, 1 = 0, 

Qg/CQs + Q^) = 0.10 

A3 . 2n C alculat ed V alues of %u at Electrode and 185 

in Experiments with Single Tuyere 

A3.2o Diameter of the Elsctrodos Employed in 187 

Experiments with Single Tuyere 



XX 


Page 

A3. 3 a Results of Measurement of Shear Stress in 188 

Experiments Tfith Multiple Tuyeres; Indifferent 
Electrolyte - IJaOH. No. of tuyeres - 3 
( S 3 '‘mmetric ) , Positions -1,2 and 5 (Refer 
figure 2.3)j 1=0, h=40cm 

A3. 3b Results of Measurement of Shear Stress in 190 

Experiments with Multiple Tuyeres; Indifferent 
Electrolyte - KOH. No. of tuyeres - 3 
(symmetric), Positions -1,2 and 5 (Refer 
figure 2.3)j 1 = 1.3 cm, h = 40 cm 

A3. 3c Results of Measurement of Shear Stress in 192 

Experiments with Multiple Tuyeres; Indifferent 
Electrolyte - KOH. No. of tuyeres - 3 
(asymmetric), Positions -1,2 and 12 (Refer 
figure 2.3)j 1 = 1»3 cm, h = 40 cm 

A3, 3d Results of Measurement of Shear Stress in 195 

Sxpe riment s with Mult ipl e Tuy o re s ; Ind if f ere nt 
Electrolyte - NaOH. No, of tuyeres - 6 
(symmetric). Positions - 13? 15? 17, 19? 21, 23 
(Refer figure 2.3)? 1 = 1.3 cm, h = 40 cm 

A3.3o Results of Measurement of Sh©air Stress in 196 

Experiments with Multiple Tuyeres; Indifferent 
Electrolyte - NaOH. No. of tuyeres - 6 
(symmetric), Positions - 1, 14, 16, 24, 27 and 
30 (Refer figure 2,3), 1=0, h = 40 cm 

A3.3f Results of Measurement of Shear Stress in 198 

Experiments with I4ultiplo Tuyeres; Indifferent 
Electrolyte - NaOH. No. of tuyeres - 6 
(asymmetric). Positions - 1, 14, 16, 24, 27 
and 30 (Refer figure 2.3), 1 = 1 .3 cm and h = 

40 cm 



X 


Page 

A3.3g Eesults of Moasur.^ina nfc of Shear Stross in 200 

Exporimoiifs with Multiple Tuyoros, Iiidifforont 
Electrolyte - FaOH. No. of tuyeres ~ 12 
(symmetric). Positions -2, 3? 4j 5? 6, 7, 13, 

15, 17 j 19, 21 and 23 (Refer figure 2.3), 

1=1,3 cm, h = 40 cm 

A3.3h Diameters of the Electrode Employed in 201 

Expi^riments with Mult iploTuye res 



LIST OF FIGUBES 


xi 


Page 

1 0 

1.1 Schematic diagram of a BBOP converter. 6 

1.2 Oxidation of carbon, phosphorus, silicon and 7 

manganese during blov/ing (olOO Bm /hr) of 40 ton 

BOF heat.^^ 

1.3 Oxidation of carbon, phosphorus, silicon and 7 

'Z 

manganese during blowing (5100 Bm-^/hr) of 25-ton 
Q-BOP heat . 

1.4 FgO content of slag in oxygen top-blown and 9 

10 

oxygen bottom-blown converters. 

2.1 Schematic diagram of the layout of the apparatus 26 

2.2 The simulating vessel for single tuyere 32 

experiments 

2.3 Bottom for experiments with multiple tuyeres 35 

2.4 Tuyere used in single tuyere experiments 36 

2.5 Tu^^'ores for experiments with multiple tuyeres^ 38 

a) tuyere flush with the bottom, b) tuyere 
projection = 4d. 

J 

2.6 Air filter 39 

2.7 Orifice Meter 41 

2.8 Schematic diagram of the orifice plate • 44 

2.9 Gas feeder to multiple tuyeres 45 

2.10 Probe for gas sampling 48 

2.11 Three-dimensional traverse for gas sampling 49 

probe 

2.12 Dryor for gas sample 50 



Xll 


Page 


2.13 Sample ini: reduction device 52 

2.14 Plot of current vs. voltage at various flow 57 

rotes u^ of the liquid across the electrode^ 

u^ > u^ > u^ 

2.15 Electrode construction 68 

2.16 Electrode circuit 70 

2.17 Output circuit for measuring the average current 72 

2.18 Mean squa,rG circuit for measuring mean square 73 

of fluctuations in current 

2.19 Position of electrodes for experiments with 77 

single tuyeres 

2.20 Positions of electrodes for experiments with 78 

multiple tuj^'eres 

2.21 Arrangement for slit lighting 79 

3.1 Ca,libration curve for gas-analysis using gas- 84 

chromatogi-aph in G 02 “air mixtures 

3.2 Variation of average current and rms value of 86 


current fluctuations with applied voltage for 

♦ o 

electrode ; Q. = 100 liters/min, Q =0 and 
I d ' ’ s 

h = 40 cm 

3.3 log -log plot of average shear stress v at the 90 

bottom vs. the radial distance r from the tuyere 

axis in experiments vfith a single tuyere. The 

unfilled and the filled symbols stand for 

measurement along t?ro radii orthogonai to each 

others d. = 0.325 om, 1 = 0, Q = 0 and h = 40 
J S 

' cw ■ 



xiii 


Page 

3.4 Photographs shov/ing the streak lines near the 91 

bottom in experiments vYith a single tuyere; 

= 0.65 cm, h = 40 cm; a) = 200 liters/min, 
b) = 50 liters/min. Time of exposure w'as 
0.25 sec 

3.5 General pattern of the flov/ of the liquid in 92 

experiments Y/ith a single tuyere; a) high flow 

rates of air, b) lov/ flow rates of air 

3.6 Time exposure photograph of the jet. Time of 94 

exposure - 1 sec 


Sequence of movie photographs of the jet 

Concontrotion profile at a distance of 1 cm 
downstream from the tuyere exit; Qqq =5 pet. 

h.lr ^ 

Concentration profile at a, distance of 1 cm 
dov^nstream from the tuyere exit; Qqq =10 pet, 
of Q_ ■ „ ^ 


3.10 Concentration profile at a. dista.nce of 1 cm 

downstx'oam from the tuyere exit; Qqq =15 pet 

of Q . ^ 

air 

3.11 Concentration profile at a distance of 3 cm 

« 

downstream from the tuyere exit; Qqq =10 pet. 

of Q ^ 

amr 

3.12 Concentration profile at a distance of 5 cm 


downstream from the tuyere exit; 0^ 
of Q ^ „ 


10 pet. 


3.13 


Plots of normalised concentration Cqq vs. 
dimensionless distance from the tuyere axis 
at a distance of 1 cm doYmstream from the 
tuyere oxit 



3.14 


3.15 


DopendoncG 
1 cn on Qqq 

Dopendonco 
tuyere axis 
tuj^ero 


of maxima in concentration at z = 

O 



of norma.lised concentration at the 
on distance downstream from the 


103 

103 


3.16 


Varia-tioii of the average shear stress v and the 
rms value of the fluctuations in shear stress 


107 


■' .t2 


?/ith radial distance r from the tuyere 

axis ill experiments with single tuyere | l/d. = 

* (3 

0, Q =0 and h = 40 cm 
s 

3.17 Variation of the average shear stress r and the 108 

/■^ 

rms value of the .fluctuations in shear stress 7 
v/ith radial distance r from the tuyere axis in 
experiments with single tuyere; 1/d. = 0. 

Q^/(Q^ + Q^) =0.1 and h = 40 cm 

So 3 

3.18 Variation of the average shear stress r and 109 

tte rms value of the fluctuations in shea.r stress 

/ — I 

V T* With radia,! distance r from the tuyere axis 

in experiments with single tuyere; l/d. = 2, 

Q =0 and h = 40 cm 
s 

3.19 Plot of rms value of fluctuations in shear stress 110 


J 


V vs. average shear stress t in experiments 
with single tuj^ero 


3.20 Oscillograms of the fluctuations in current at 112 
a) electrode and b) electrode 

3.21 log-log plot of a.verage shear stress t ts. the 114 

radial distance r from the tuyere axis for 
experiments with single ti;iyere; l/d. = 0, = 0 

and h = 40 cm 



Page 

3.22 Log-log plot of average shear stress v vs. the 115 

radial distance r from the tuyere axis for 

experiments v/ith single tuyere 5 l/d . = 0 , 

-Q =0 and h = 30 cm 
s 

3.23 Variation of Eulor number with modified 119 

Eroude number in experiments with single 

tuyere I h = 40 cm 

3.24 Variation of Euler number E-rn with modified 120 

JiU 

Eroude number in experiments with single 

tuyere p h = 30 cm 

3.25 Variation of Euler number E-o with modified 121 

-611 

Eroude number in experiments with single 

tuyere; h = 20 cm 

3.26 Variation of the average shear stress v at the 125 

bottom with the radial distance r from the vessel 
axis when blowing v/ith three symmetrically placed 
tuyeres; l/d. = 0. The circle at the top right 

«J 

corner indicates the radius along v/hich the 
measurements were made 

3.27 Variation of the average shear stress a.t the 127 

bottom with the radial distance r from the vessel 
axis when blowing with three symmetrically placed 
tuyeres; l/d^ = 4. The circle at the top right 

cJ 

corner indicates the rcidius a,long which the 
measurements were made 

3.28 Variation of the average shear stress x at the 129 
bottom with the radial distance r from the vessel 
axis when blowing with three asymmetrically 

placed tuyeres; l/d- = 4. The circle at the top 
right corner indicates the diameter along which 
the measurements were made 



3.29 


xvi 

Page 

Va.ria.tion of the average shear stress v at the 131 
botton with the radial distance r from the 
vessel axis when blowing with six syonetrically 
placed tuyoresi l/d . = 4. The circle at the 
top right corner indicates the disiiaeter along 
which the raeasureraents wore nade 

3.30 Vario,tion of the average shear stress v at the 133 
botton Yfith the radial distance r frora the 

vessel axis when blowing with six asyninotrically 
placed tuyeres? l/d. = 0. The circle at the 
top right corner indicates the diameter along 
which the neasurenents were made 

3.31 Variation of the average shear stress at the 135 

bottom with the ra.dial distance r from the 

vessel axis when blowing with six asymmetrically 

placed tuyeres? l/d- = 4. The circle at the top 

J 

right corner indicates the diameter along which 
the neasurenents wore nade 

3.32 Variation of the average shear stress at the 137 

bottom with the radial distance r from the 

vessel axis when blowing with tv/elvc syrmietrically 
placed tuyeres? l/d . = 4. The circle at the 

J 

top right corner indicates the radius along ?/hich 
the noasuronents wore nade. 



rvi.i 


LIST OF SYIIBOIS 


G. 

1 

* 


'CO. 


constant in Eq. AI.55 Appendix I, dimensionless 

b parameters of the Eq. 3.9, dimensionless 

coefficient of discharge, dimensionless 

concentration of oxygen in the bulk of the 
electrolyte in equilibrium with air, mole/cc 

concentration of oxygen in water in equilibrium 
with air, mole/cc 

concentration at the electrode surface, mole/cc 

pet. GOg 


L 




D. 


h 

E . 


h 

\ 


normalised concentration of CO 


dimensionless 


^ (Qco/Vr^ 


constant of proportionality in Eq. 3.10, 
dimensionless 

diffusion coefficient of oxygen in tho electrolyte, 
cm /sec 

inside pipe diameter of orifice meter, cm 
orifice diameter, cm 

diameter of the simulating vessel, cm 
diameter of the electrode, cm 
diameter of the inner pipe in the tuyere, cm 
Earaday constant, coulombs 

2 

acceleration due to gravity, cm/sec 
height of the water bath, cm 

differential pressure across the orifice, cm of 
water 


jlectrode current, ampere 



zTili 


instantaneous value of limiting current, ampere 

time-averaged value of limiting current, ampere 

fluctuating component of limiting current, ampere 

flow coefficient for the orifice meter, dimensionless 

constant in Eq, A2.6, dimensionless 

flow coefficient for infinite Reynolds number, 
d ime ns i onle s s 

instantaneous value of the mass transfer coefficient, 
cm/sec 

tinie- averaged value of mass transfer coefficient, 
cm/ sec 

fluctuating component of mass transfer coefficient, 
cm/sec 

characteristic length, cm 

effective length of the electrode in the direction 
of the mean flow, cm 

distance to which the inner pipe of the tuyere is 
projecting into the vessel, cm 

2 

mass transfer rate for component A, moles/cm sec 

Euler number, dimensionless 

Eroude number, dimensionless 

modified Eroude number, dimensionless 

Reynolds number for the gas, flow in the inner pipe 
of the tuyere, dimensionless , 

Reynolds number for the flow of the liquid, 

' dimensionless 

Reynolds number for the flow through the orifice, 
dimensionless 

Reynolds number for the gas flow in the annular 
space of the tuyero, dimensionless 



XXX 


%b 


Q . 

air 


Q. 


■CO. 


0 . 
'D 


Q. 


R 

r 

s 


s 


s ^ 


T 

t 

t 

t 


V 


v_ 


o 

r 

0 

o 




Weber numbor, dimensionloss 

number of electrons involTed in the electrochemical 
roa.ction, dimensionless 

pressure at the upstream pressure tap, cm of morcuiy 

pressure at the tuyere exit, cm of mercury 

floF/ rate of air, liters/min 

flo\F rate of carbon dioxide, liters/min 

flow rate of gas through the inner pipe of the 
tuyere, liters/min 

flow rate of gas through the annular space of the 
tuyere, liters/min 

universal gas constant, cal/°K mole 

radial distance from the vessel axis, cm 

instantaneous va^lue of the velocity gradient at 

— 1 

the wall, cm 

time -averaged value of velocity gradient at the 

n -"I 
v/all, sec 

fluctuating component of velocity gradient at the 
wall, sec ^ 

temperature, °K 

time, sec 

width of tho annulus in the tuyere, cm 

time constant of tho concentration boundaiy layer 
defined in Eq. 2,12, sec 

voltage, volts 

velocity of the jot gas at the tuyere exit, cm/sec 

velocity of the shrouding gas at the tuyere exit, 
cm/sec 



XX 


velocity of the liquidj ca/soc 

W mass flow rate of air through the orifice meter 5 

gm/ c c 

X pa.ramoter in Bq. 3.7? dimensionless 

expansion factor, dimensionless 

z vertical distance downstream from the tuyere exit, cm 


P 


n 



.4 

•'2 



,0 






1 




M- - 
air 


cr 

X 


X 


X' 


the diameter ratio in the orifice meter = 
dimensionless 

gamma function 

density of air at upstream pressure tap conditions, 
gm/cc 

density of air at the tuyere exit, gm/cc 

density of the gas through the inner pipe at the 
tuyere exit, gm/cc 

density of the liquid, gm/cc 

density of the shrouding gas at the' tuyere exit, 
gm/cc 

viscosity of the gas through the inner pipeof the 
tuyere, poise 

viscosity of the liquid, poise 
viscosity of the shrouding gas, poise 
viscosity of air, poise 
surface tension of the liquid, dyne/cm 

instantaneous value of the wall shear stress, 
dyne/cm^ 

t ime -averaged value of the wall shear stress, 
dyne/cm^ 

flu-ctuating component ok tne wall shear stress, 
ayne/cm 



A V/AEER MODEL STUDY OE BOTTOM-BLOWU 
DXYGEi\T STEELMAKUrO PROCESSES 


A Thesis Submitted 

in Partial Pulfilment of the Requirements 
for the Degree of 
DOCTOR OE PHILOSOPHY 
by 

N , BHARATHA BALLAL 
to the 

Department of Metallurgical Engineering- 
Indian Institute of Technology, Kanpur 
January 1979 


SYtTOPSIS 


Investigations of a water model of bottom-blown 
035 ygen steelmaking processes like OBM/Q-BOP were undertaken to 
understand certain aspects of the dynamics of these processes. 
The study was restricted to the bottom part of the model and 
emphasis was on understanding and predicting the influence of 
some process parameters on the bottom refractory wear. 

Dimensional analysis was made to design the 
simulating vessel and to identify the important dimensionless 
groups. The experimental investigation consisted of two 
parts : 

a) Experiments with single tuyere 

b) Experiments with multiple tuyeres. 

In the first part, experiments were conducted with 
a single tuyere located centrally in the bottom of a cylindrical 
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Tessel made of perspex. The "tuyere consisted of ty^fo concentric 
pipes through which two gases could he blown into the Tessel. 
The gas blown through the inner pipe simulated osygen of the 
bottom-blown process, and the gas introduced' through the 
.annulus surrounding the inner pipe simulated the shrouding gas. 
The inner pips diameter (d.) was 0.65 cm and the annulus 
thickness was 0.075 cm. The inner jet pipe could be moTed up 
and down so that experiments could be done with the inner jet 
pipe protruding into the vessel. 

The study with single tuyere -was divided into two 
sub-sections ; 

i) Study of mixing of gases in two concentric jets submerged 
in water. 

ii) Measurement of mass transfer coefficients and shear 
stresses at the bottom due to the flow of liquid. 

In the first sub-section measureme'nts were made to 
obtain c oinceiatration profiles at various heights downstream 
from the tuyere exit to determine the degree of mixing of two 
concentric jets of dissimilar gases submerged in water. Air 
was employed to simulate oxygen and carbon dioxide to simulate 
the shrouding gas. Gas samples were taken along the cross- 
section of the jet at heights of 1 cm, 3 cm; and 5 cm above 
the tuyere. Gases were analysed using a gas -chromatograph. 
Three flow ra,tes of air were employed, viz., 50, 100 and 150 
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liters per minute. Flow rates of carbon dioxide v¥ere 5 pet, 

10 pot ciid 15 pet of these flow rates. 

It was found that the shrouding gas is not very- 

effective in physically shielding the liquid from the inner 

jet stream even very close to the tuyere. The concentration 

profiles at a distance of 1 cm dov/nstream from the tuyere 

exit were indopendent of the flow rates of air 3- 

fixed ratio of flow' ra.tes of carbon dioxide and air 

(Qpp. /Q • ). The maocima in these profiles occurred just above 
0 8 . 11 ? 

the annulus, which seems to indicate that the carbon dioxide 

jet did not get significantly deflected by the presence of 

the air jet. The maximum in the normalized concentration 
* 

Gqq defined as: 

* pet. GO^ 

Q = 

(^o/«alr) 

• • 

varied linearly with the ratio Q^q /‘^air* moreover, 

obseiwed that the mixing process was complete within a 

distance of 7 to 10 d. in the range of flow/ rates studied. 

j 

Since the fluid flow pattern near the bottom 
should have an appreciable effect on the chemical and the 
mechanical aspects of bottom wear, the wall shear stress and 
the mass transfer coefficients along the bottom of the vessel 
w'-ere measured using the electrochemical technique in the 
second section of the single tuyere experiments. 
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Electrodes moimted flush on the wall seicved as the 
cathodes in the diffusion-limited electrochemical transfer 
of oxygen dissolved in water to the electrode in the presence 
of a largo amount of an indifferent electrolyte. Electronic 
circuits were designed and fabricated to measure the average 
electrode current and the rms value of the fluctuations in 
the current. In these experiments air simulated both oxygen 
and the shrouding gas of the prototype. Measurements were 
made at air flow rates of 50, 100, 150, and 200 liters/minute. 
Three bath heights (h) viz. 40, 30 and 20 cms were employed and 
the percentage of air in the annulus was 0, 5 and TO of the 
total air floY\r. Tuyere protrusions into the bath (l) were 0, 
d . and 2d . . 

As the mass transfer coefficienb in related to the 
wall shear stress, the results of the experiments have been 
discussed only with respect to the latter. These discussions 
can easily be extended to mass transfer coefficients also. 

The shear stress decreased drastically with 
increasing distance from the tuyere. At points very close 
to the tuyere, the shear stress decreased with decreasing 
flow rate of air but the trend reversed at points further 
removed. 

It was found that the rms values of the fluctuations 
r' in shear stress were directly proportional to the average 
shear stress (t) according to the following correlations 
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All other correlations, therefore, have been attempted only 
for the average shear stress. 

Percentage air in the annulus and the length of 
tuyere protrusion (l) into the bath had significant effects 
only at the electrode very close to the tuyere. At other 
electrodes along the bottom and along the sidewalls the shear 
stress vYas not affected by these parameters to any perceptible 
extent. 


Correlations have been attempted for variation of 
X at the electrode closest to the tuyere. The Euler number 
^^Eu ^ defined as ; 


rl 


Eu 




Yi/here v° is the average velocity of the jet in the inner pipe 
at the exit and is the jet gas density. varied v;ith 

the modified Eroudo number ) in the following fashions 
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a, b = parameters depoiiclent on process variables 
g = acceleration due to gravity 

h = bath height 

= liquid density. 

One important observation was that the paxameters 
a and b in the above equation were independent of the 
percentage of air in the annulus. As the velocity of gas 
flowing through the annulus was siaall compared to that 
through the inner tube, this observation seems to indicate 
that the momentum put into the system laxgely determines the 
flow of the liquid. 

Visual observations of the liquid flow wore made 
with slit lighting. Dust particles and polystyrene beads 
were used as tracers. Some photographs v/ere also tahen. The 
general flow pa,ttera is a torus-shaped vortex with the liquid 
moving up in the axial region and coming down in the 
peripheral region. The flovy v/as found to be fluctuating 
vfith large amplitudes due to the fluctuations at the gas/liquid 
interface. There \yas some secondary recirculation at the 
corner v/h ere the sidewall meets the bottom. The behaviour 
of the jet was also studied with still and movie photography. 

In the second part of the work, experiments were 
done with 3, 6 and 12 tuyeres of 0.325 cm i.d. with blowing 
rates varying between 150 and 340 liters per minute. Tuyeres 
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were placed in syiametric and asymmetric fashions. The 
general behaviour observed Y/ith these systems v/ere similar 
to those encountered in measurements with single tuyeres. 

In axially symmetric tuyere arrangements, the flow rate . 
dependence reversed at points a.way from the axis of the vessel. 
Moreover, tho rms va.lue of the fluctuations was directly 
proportional to the average shear stress, though the propor- 
tionality constants were different from that in experiments 
with single tuyeres. 

In sj’^mmetrically placed tuyeres, the shear stress 
level a.11 over the bottom came dovm as the number of tuyeres 
increased from one to twelve at a fixed flov/ rate of air. 

In asymmetric arrangements, the shear stress levels were 
higher as compared to those obtained with symmetric configu- 
rations. Significant reduction in shear stress v^ith 
projection of tuyeres into the bath was observed only in 
asymmetric tuyere configurations. 

Significance of these findings to wear of bottom 
refractory in bottom-blown oxygen steelmahing converters has 


been discussed. 



CHAPTER 1 


httroductioh. 

1.1. BOTTOM-BLOWH OXYGEIT STEELEAKING PROCESSES 

1.1.1. Development of the Processes 

SteelmaRing reactioi^axe heterogeneous in nature and 
occur at the interfaces between, primarily, a gas and a liquid 
or a liquid and a liquid. These reactions, therefore, involve 
mass transfer to and from the interfaces apart from the inter- 
facial chemical reactions. At steelmaking temperatures, the 
latter are very fast, and so, most of the reactions are 
limited by the rate of the mass transfer processes to and 
from the interfaces. Degree of mixing in each of the three 
phases, i.e., metal, slag and gas, is therefore of great 
importance in determining the rate of refining. Agitation of 
the bath would enhance the rate of mass transfer of the 
reactants and the products. Moreover, a process that would 
increase the interfacial area itself between these phases 
would increase the refining rate enormously. Such faster 
refining rates would enable a better utilisation of capital, 
increasing the productivity of a plant. The process is also 
expected to lead to thermal economy because lesser is the 
time of refining, lesser is the heat loss. 
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Hence it was in this context that the refining of 
molten iron by bottom-blowing of air as envisaged by Sir 
Henry Bessemer in the nineteenth century was a revolutionary 
steelmaking process. It speeded up the process enormously as 
the gas and the metal were brought into intimate contact and 
vigorous stirring of the metal bath and the slag was achieved. 
Use of basic refractories, as in the Thomas Converters, 
enabled one to treat even high phosphorus hot metal. 

The bottom blowing of air, however, could not allow 
use of large amounts of scrap. Nitrogen in air carried away 
a large amount of heat. Moreover, requirements of low 
nitrogen and phosphorous in steel could not be met by these 
processes. The solution for these problems was the use of 
tonnage oxygen in place of air. As a matter of fact, Sir 
Henry Bessemer himself had contemplated blowing pure oxygen 
through the bottom of a converter. 

The refractory wear around the tuyeres, however, 
were excessive upon blowing of pure oxygen through the bottom. 
Even in the basic Bessemer process, bottom wear is a problem. 
Besides increasing the cost due to increased consiunption of 
lining, the bottom had to be changed often, bringing down 
the productivity of the converters. Hence in the nineteen 
fifties the top-blown Basic Oxygen Process (BOP) was 
invented. Since then top-blown processes have grown rapidly 
in the steelmaking scene and hold a pre-eminent position at 
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present. Such expansion of the BOP is basically due to its 
favourable capital investment and operating costs compared 
to the open-hearth process of steelmaking. 

In continental Europe, the hot metal is high in 
phosphorus. The common IB process is unable to refine it 
unless double-slagging is adopted making it more expensive. 
Therefore, the Basic Bessemer process, which is capable of 
refining high phosphorus iron, has been in existence along 
with other steelmaking processes, in spite of the disadvantages 
mentioned already. 

Moreover, conversion of an existing open-hearth 
shop into an ID shop is quite costly. Eew facilities of an 
OH shop can be utilized in aa-LB shop. In addition to this, 
such a conversion would disturb the scrap economics of an. 
integrated steel plant, because the Basic Oxygen Process can 
absorb only a limited amount of scrap in its charge (about 
30 pet. maximum). 

Due to all these considerations, efforts have been 

going on for a long time to solve the problem of bottom 

refractory wear when oxygen is blown through the bottom. 

Model studies were carried out, for example, with water-cooled 

1 

copper plates as bottoms through which oxygen could be blown. 
However, such studies were fruitless till Savard and Lee 
of L'Aire Liquide, Canada came up with the novel idea of 
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shrouding the oxygen jet with a hydrocarbon which cracks 

p 

endothermically on emerging from the tuyeres. This idea 

was later adapted by Maximilian shutte mbH ( IilAXHUTTB ) of 

G-ermany for use in their bottom-blown steelmaking process 

which is known as the OBM (Oxygen Baden-Blassen Maxhutte) 

process. They used gaseous hydrocarbons as the shrouding 

medium, later GEM of Belgium and US Steel Coiporation of the 

U.S.A. collaborated with Maxhutte in developing the process 
2-4 

further. It is known as the OBM process of steeljuaking in 
Europe and as Q-BOP in the U.S.A. A similar process has been 
independently developed by Creusot Loire of Prance who 
employed liquid hydrocarbon like fuel oil as the shrouding 
fluid. The v^rorld production of steel by these Bcttcmr-Blown 
Oxygen Processes (BBOP) was 13.5 million tonnes in 1976.^ 

One of the basic advantages of the BBOP over the 
ID process is the lower capital cost involved. Absence of 
top lance system leads to a lower height of the building. 
There is about 65 pet. increase in useful volume of the 

7 

converter. The furnace is within the crane command. 

Therefore, the furnace can be removed from the blowing bay 

8 

and relined at a separate relining stand. The tap-to-tap 
time for the BBOP (45 mins. ) is also smaller compared to the 
ID process (55 mins.).^ Moreover, this process holds great 
attraction where existing open-hearth or Thomas Converter 
shops have to be converted into one of the oxygen converter 
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shops. Superstructure already existing can be utilised 
whereas the ID shop would necessitate a completely new cons- 
truction. Lesser fume generation in the bottom-blown 
processes is also an advantage from environmental "point of 
view . 

1.1.2. Description of the Process and Comparison with the 
LD Process of Steelmaking 

The BBOP processes use 5 tc 20 tuyeres in the 

removable bottom, the number of tuyeres being dependent on 

the converter size. These tuyeres consist of two concentric 

pipes. Through the inner pipe oxygen and generally also lime 

powder are introduced. This jet is shrouded by a hydrocarbon 

introduced through the annular space between the two pipes. 

Tuyeres are distributed either symmetrically or asymmetrically 

in the bottom such that a most favourable blowing behaviour 

is achieved. Both trunnions supporting the converter are 

hollow, one of which carries the gas that is introduced 

through the inner pipe and the other carries the shrouding 

fluid. A schematic sketch of a BBOP converter is given in 
10 

Figure 1.1. 

Figures 1.2 and 1,3 show the progress of refining 

11 

in the BOP and the OBM steelmaking respectively. It can 
be observed that the curves for carbon, silicon and phos- 
phorous have similar shapes. However, there is a marked 
difference in the behaviour of m^anganese. In the OBM process 




Fig. 1.1 Schematic diagram of a BBOP 
converter^.*^ 



Blowing time, mm 

Fig, 12 Oxidation of carbon, phosphorus, silicon and 
manganese during blowing (5100 NmVhr) of 
40 - ton BOP heatl^ 



Blowing time, min 


-ig.1.3 Oxidation of carbon.,, phosphorus, silicon and 
manganese during blowing (5100 Nm /hr) of 
40* ton Q-BOP hedt^.V 
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where line is also blown with oxygen, there is almost no 

oxidation of manganese until almost all silicon is remoTed. 

This is in striking contrast to the behaviour in the top-blown 

processes, where manganese and silicon are oxidised together. 

As a natter of fact, manganese recovery in the OBM process 

is claimed to be higher than in the BOP resulting in signifi- 

2 1112 

cant savings in ladle additions. ’ ’ 

Another important fact observed with the bottom- 

2 10 12 1 *5 

blown practices is the iron oxide content of the slag. ’ ^ ^ 

Figure 1.4 shows the typical variation of PeO content of the 
slag with the progress of the blow for the BOP and the OBM 
processes. It may be noted that the iron oxide content of 
the slag remains at about 5% during 90?^ cf the total refining 
period. Even at the end of the blow, the PeO content is 
still quite low as compared to the top-blown processes. Such 
low iron oxide in slag and the resultant lower oxygen in 
steel result in considerable saving in deoxidants, ladle 
additions and ladle refractories. Moreover, lower iron oxide 
in slag would mean higher yield of steel. 

14 

Pruehan and Martonik studied the decarburization 
reaction and came to the conclusion that there is a change 
in the mechanism of the reaction when the carbon level falls 
below 0.3%. At higher carbon levels, the diffusion in the 
gaseous phase may be rate controlling. At lower carbon 
contents, however, liquid-phase mass transfer becomes 
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important and the rate decreases with decreasing carbon 

content. Anyhow, in bottom-blown processes lower carbon 

contents can be achieved without excessive oxidation of the 

bath. With a slag containing 17 pet. iron oxide, the final 

10 

carbon content is about 0.03 to 0.04 pet. This is of 
importance in the production of electrical sheets. Moreover, 
such low carbon levels permit the use of cheap carbon- 
c ontaining ferro-alloys . 

itime generation in a BBOP is mch lower than in 

the top-blown processes and is comparable to that in the 

Basic Bessemer process, resulting into an increased yield. 

15 

Moreover, Pruehan has proposed that the copious fumes 
that are eA'-olved duxnng the final stages of the blow in 
low carbon steel heats can be reduced if oxygen jet is 
diluted with argon. This modified practice would also 
decrease the final oxygen content of the bath and increase 
the manganese recovery. 

One of the important advantages of the bottom- 
blown processes over top-blown processes is the decreased 
slopping. Quiet blows were obtained with high-phosphorus 

7 

irons even with the use of lumpy lime. Slopping was 
encountered when refining low-phosphorus pig iron using 
lumpy lime. However, introduction of powdered lime along 
with oxygen mitigated this problem, Bess slopping 
allows a greater utilisation of the converter volume, 
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increasing production for a given size of the converter. 
Moreover, BBOP tolerates greater amoiAnt of silicon in hot 
metal than the top-blown processes because of decreased 
slopping in the former process. At Gary Works of US Steel, 
hot metal containing 2 pet. silicon has been treated success- 
fully. In BOP, on the other hand, silicon in hot metal is 
usually kept below 1.2 pct.^ In addition to these, blowing 
lime powder with oxygen brings down lime consumption enor- 
mously. The Q-BOP converters of Gary Works of US Steel 
averages 68 kg of lime per ton of steel compared to about 
84 kg per ton in BOP's.®’”'*^ 


Dephosphorisation when using lumpy lime is as 
successful in the BBOP as in the BOP with high-phospherus 

g 

iron. With bottom blowing of lime with oxygen dephosphori- 
sation has been claimed to be better than in the top-blown 
8 11 13 

processes. ’ ’ Desulphurisation is also claimed to be 

brtterP-'^-^O0,12 


Problems of hydrogen and nitrogaa are not severe 

10 

and can be easily controlled, where very low hydrogen 

levels are needed as in unkilled steel grades, a short blow 

of nitrogen at the end of the normal blow would reduce 

hydrogen to the desirable level. Moreover, argon degassing 

can be effected in the vessel itself eliminating the 

12 15 

necessity of a separate degassing facility. ’ 
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Percentage of scrap in the charge can be more than 

that in the BOP due to better availability of heat as a 

result of smaller blowing time etc. Scrap percentage can be 

still more increased by preheating the scrap charge in the 

1 0 

converter by burning the hydrocarbon. Moreover, due to 

better mixing in the vessel, larger pieces of scrap can be 
1 0 , 

charged. Where scrap availability is less, it has been 
claimed that iron ore can be used easily.^ 

To summarise there are many advantages of the new 
bottom-blown oxygen steelmahing processes over the top-blown 
ones. It appears that the former are certainly going to gain 
more and more popularity in future. 

1.1.3. Mechanisms of Reactions and the Pynamics of the 
Bottom-Blown Processes 

Reported information about the reaction mechanisms 
in the bottom-blown steelmaking processes is scanty. Goto 

*1 s 

and Eketrop made a preliminary analysis to show how bottom- 
blowing is an attractive proposition where metal/slag/gas 
reactions are involved. They speculate that pure oxygen is 
consumed very rapidly just above the tuyeres, producing iron 
oxide droplets. These oxide droplets then react with other 
elements in the bath. However, based on the behaviour of 
manganese during the blow and the fact that phosphorus in 

steel falls belov/ the equilibrium value calculated from 

11 13 

final metal and slag analyses , Turkdogan ’ 


has proposed 
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the model of ’gas diffusioa-limited .enhanced vapcurisaticn’ of 

the elements. This was substantiated in controlled experi- 

17 

ments by Kor and Turkdogan where it was found that metal 
alloys, as well as pure metals, are subjected to enhanced 
vapourisation in reactive atmospheres. In the proposed 
reaction scheme the following stages are envisaged: 

(i) Vapourisation of elements or their oxides enhanced by 
the oxidation of vapours in the oxidising atmosphere 
of the submerged jet stream. 

(ii) The reaction of bulk -metal or slag with the particles 
of the products of the gas-phasa reactions. 

(iii) The slag-metal -gas reaction in the emulsified slag 
layer. 

1 5 

Fruehan ana,lysed the possibilities of degassing 
by argon in the bottom-blown processes. He also proposed 
that the rate of the decarburisation reaction is limited by 
liquid-phase mass transfer in the final stages. In the 
initial stages when carbon content is high, it may be limited 
by gaseous diffusion. 

1 8 

Silberman studied the mechanism of bubble 
formation in the air-water system and showed that when 

4 

nozzle Reynolds number exceeds 10 , the sizes of the bubbles 
found sufficiently downstream from the nozzle exit were 
independent of the nozzle size and are proportional to 
where is the nozzle Reynold's number. 
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Themelis et al studied side-blowa air-jets in water and 
found that the boundary of the jet fluctuates. They also 
found that the average jet cone angle was between 19° and 22°. 
However, Oryall and Brimacombe measured the jet cone angle 
for air- jets in mercury and found that the initial expansion 
angle is about 150°. liquid density seems to have a strong 
influence on the initial jet expansion. The latter investi- 
gators also observed the pulsating nature of submerged jets. 

Penetration of side-blown jets of air in water have also been 
19—21 19 

studied. Themelis et al derived an equation to predict 

the trajectory of a gas jet injected horizontally into a 

22 

liquid. Etienne conducted a water-model study of the 
bottom-blown process at room temperature to examine bath 
motions and slopping as a function of tuyere configuration. 

He found that there was a minimum number of tuyeres for 
every configuration to achieve a quiet blow. The number was 
related to bath depth, Jet Proude Humber and tuyere distri- 
bution. Symmetrical placing of the tuyeres in a central 
strip caused the bath to oscillate vigorously causing 
excessive splashing. Smaller bath heights favoured fewer 
splashes. 

Szekely and coworkers measured and predicted 
flow pattern, velocity and turbulence energy in a water 
model system in which argon was introduced from the bottom. 
Their mathematical model was successful in predicting the 
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general flow pattern in the system. However, one of the 
boundary conditions in the model is the velocity along a 
cylindrical cone surrounding the jet, which has to be 
measured experimentally. 

From the above discussion, it is clear that the 
bottom-blown steelmaking processes are not completely under- 
stood, more studies have to be done before a coherent picture 
of the process emerges. 

1.1.4. Refractory Wear 

One of the basic problems of the bottom-blown 

oxygen steelmaking is refractory wear. Bottom wears out 

faster than the rest of the body, and the bottom refractory 

10 12 27 

has to be replaced at least once during a campaign. ’ ’ 

This problem is particularly important in India, because the 

refractory performance of Indian LDs compare unfavourably 

27 

with those of the 17orld's leading steel producers (Table 1.1). 

Table 1 . 1 

LD Refractory Performance in Various Steel Plants of the World 

Rourkela, India 170 

Bokaro, India 160 

Sidmon, Belgium 600 

Italaidar, Italy 


1400 
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The mechanism of refractoiy wear, however, is not 
clear. It could be of three types: chemical attack of the 
refractory by slag/metal (corrosion), mechanical wear of the 
refractory (erosion), and softening of the refractory at high 
temperatures and consequent spalling during thermal shock. 

The relative importance of these three is not known. However, 
someof the basic features of refractory wear are enumerated 
below; 

a) Iron oxide in the slag or in the brick decreases the life 
of the refractoiy enormously. 

b) life of the refractory decreases with increasing silicon 
content in the metal. 

c) Residual carbon in the tar-bonded or pitch'*-impregnated 
bricks increases the resistance of the bricks to slag 
attack by many 'folds. 

d) Increasing the bulk density of the material decreases 
its wear. 

e) In porous refractories, slag penetrates into the pores. 

The first two features mentioned above suggest the 
chemical nature of the problem. Iron oxide and silica react 
with CaO and MgO of the basic refractory. Residual carbon 
probably helps in pore blockage and reduction of iron oxide 
to iron which is less corrosive. 

The importance of erosion, however, is not very 
clear. Grains of refractory have been found in molten glass 
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in a refractory tank. This is probably due to a combined 
corrosion-erosion action where the bonding material between 
the grains is corroded and the projected grains are eroded 
away. 

Bottom wear in BBOP may be due to any or all of the 
following factors; 

a) Higher temperatures near the tuyeres cause decreased 
strength of the refractory and increased erosion. 

b) Passing of nitrogen or air when vessel is empty results 
in thermal shocks and consequent spalling. 

c ) Formation of small slag globules rich in iron oxide and 
silica at the gas-metal interface and their consequent 
reaction with the refractory. 

d) Physical action of erosion due to high flow rates and 
velocity fluctuations in the metal. This effect is 
expected to be more near the tuyeres because the jet as 
it emerges is fluctuating and breaks up into small 
bubbles within three or four jet diameters downstreams 
into smaller bubbles causing shear stress and velocity 
fluctuations. 

e) Penetration of steel into the pores dissolving the 
residual carbon which causes augmentation of attack by 
slag particles. 

f ) Entrapment of slag particles into metal which react 
with the refractory. 
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lilies and Boudin, in their experiments with a 
21 T OBM conTerter using natural gas or propane gas as the 
shrouding fluid observed that bottom wear was very regular 
all over the bottom with asymmetrically placed tuyeres. 

This leads one to believe that the shrouding with these gases 
is quite effective. Apart from this, information that would 
throw light on bottom refractory wear in bottom-blown 
processes is lacking. 

1.2. OBJECTIVES 01 THE PEESBHT IlVESTIGATIOl 

Discussions in Section 1.1 show that the BBOP is 

an attractive alternative to the top-blown processes of 

steelmaking not only in new steel plants but also in the 

existing plants where open-hearth shops are to be converted 

into a pneumatic steelmaking shop. Some iron and steel 

plants in the U.S.A. are even replacing the BOP converters 

2 10 

with Q-BOP converters. ’ In India, Steel Authority of 

India ltd. are exploring the possibility of using this 

27 

process in their steel plants. 

In this context it is necessary that the process 
be understood properly, so that modifications necessary to 
suit the Indian conditions can be effected better. The 
problem of refractory wear, which is expected to be severe 
in India as mentioned earlier, has to be studied in greater 
detail to evaluate the process prospects. 
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Refractory vvear of the bottom during oxygen bottom- 
blowing was brought down in the BBOP by 1he use of shrouding 
fluid around tho oxygen jet. Various shrouding fluids like 

propane, natural gas, coke-oven gas, liquid hydrocarbons like 

9 9 

fuel oil have been used or proposed. Aeron and Ramachandran 
did a preliminary analysis to find out the possibility of the 
use of coke-oven gas and liquid petroleum gas as shrouding 
fluid. It was made with the assumption that the mechanism 
by which the shrouding gas protects the fluid is by cooling 
the tuyere zone on cracking. However, the details of how 
the shielding fluid protects the tuyeres is not known. There 
can be two mechanisms by which such protection takes place: 

a) The surrounding jet physically shields the oxygen jet, 
taking the zone of metal/ oxygen reactions away from the 
tuyere s . 

b) Cooling of the tuyeres zone by endothermic cracking of 
the hydrocarbon. 

Pluid flow at the bottom of the converter should 
play an important role in bottom wear. High degree of 
turbulence enhances the mass transfer of the reactants and 
the products from the refractory surface if chemical attack 
is the mechanism of wear. Highly turbulent flew with large 
eddies can also help in increasing iron penetration into the 
refractory which, as was stated earlier, may weaken the 
refractory. Small recirculations near the jet can cause a 
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build up of highly oxidising slag particles which would 
attack the refractory lining. The fluctuating nature of the 
flow Causes fluctuations in shear stress at Hie bottom which 
may result in the mechanical erosion of the refractoiy. 
Moreover, the temperature near the tuyere is expected to be 
affected by the fluid flow patterns. 

Besides the importance of fluid flow on bottom 
refractory wear, fluid flew and mixing in the converter as 
such influence the dynamics of the process significantly. 
Therefore it was decided t o do some investigations on this 
aspect with emphasis on understanding of the bottom 
refractory wear. 

1.3. BM OB INYESTIGATIOB 

Investigations on mixing and fluid flow in many 
high temperature metallurgical processes have been carried 
cut employing room-temperature models. Such models are built by 
glass or perspex. Some room-temperature liquid would 
simulate molten metal. If the liquid is water, then the 
technique may also be termed as water modelling. 

Advantages of such models are: 

a) The fluid flow can be visualised, 

b) Variables can be controlled and measurements made 
with precision. 
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Of course, these model studies have their own 
limitations and their results should not he extrapolated to 
predict behaviour of prototypes blindly. One has to exercise 
his judgement. 

It was decided that a water model study of the BBOP 
would be worthwhile in order to ascertain the mixing and 
fluid flow pattern since very little information is available 
in the literature. However, the emphasis in such an inves- 
tigation would be to tiy to collect some relevant data in 
connection with bottom refractory wear. 

It was decided to carry out the water model study 
along the following specific directions: 

a) Study of the mixing of two coaxial jets placed centrally 
at the bottom of a perspex vessel, to specifically find 
out whether the shrouding gas physically shields the 
inner jet. 

b) Studies involving flow measurements at the bottom in 
order to unearth the pattern of flow as well as to 
determine the effect of various process parameters. 

Ihe investigation was again to be divided into: 

i) studies with a single tuyere placed axially in a 

cylindrical (or rectangular) vessel, and 
ii) studies with multiple tuyeres. 

In the model, it was planned to use water to 
simulate molten metal and air to simulate oxygen. Carbon 
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dioxide would simulate the shrouding gas In jet mixing 
studies. In shear stress measurements, however, air would 
simulate the shrouding gas also. 

With these broad objectives in mind, the following 
plan was chalked out : 

1 . To design and fabricate a laboratory-size perspex model 
of the bottom-blown converter for experiments with single 
tuyere and multiple tuyeres, 

2. To design and fabricate the following auxiliary set-ups: 

a) an arrangement to supply gases to tuyeres at 
controlled flow rates and to measure the same, 

b) an optical set-up for flow visualization. 

3. To conduct experiments with single coaxial tuyere and 
determine mixing of the jet gas and the shrouding gas 
downstream from the tuyere nozzle by sampling and 
analysis of carbon dioxide by gas-chromatograph. 

4. To conduct trials and perfect the technique of measure- 
ment of wall shear stress and/or velocity of water near 
the wall . 

5 . To make measurements of wall shear stress and/ or 
velocity of water near the walls when blowing with 
single tuyere as well as multiple ti;iyeres. 

6. To visualise the flow pattern in the model and if 
possible, to conduct photography. 
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7. To study the effects of flow of air in tte inner pipe 
and in the annular space between the two pipes of the 
tuyere, height of the water bath and the projection of 
the inner jet pipe into the bath as appropriate for 
indiwidual sets of measurement in experiments with 
single tuyere, 

8. To study uhe effects of the number of tuyoros, their 
arrangement in the bottom and the projection into the 
bath in experiments with multiple tuyeres. 

9. To correlate and interpret the results. 



CHiiPTER 2 


EXPERIMEAIi EQUIPMT HID PROCEDURE 

In the present investigation, a room temperature 
model study of the bottom-blo\’vn oxygen steelmaking processes 
was carried out using water to simulate hot metal. Experiments 
were conducted in a cylindrical perspex (polyacrylic ) vessel 
ViTith a detachable bottom. The. general layout of the apparatus 
is described in Section 2.1, In gas mixing studies, air 
simulated oxygen and carbon dioxide simulated the shrouding 
gas. Ihe experiments were conducted by measuring the concen- 
trations of ahr and carbon dioxide at various points across the 
jet at various distances downstream from the tuyere. The 
details of these experiments are presented in Section 2.2, 
Several attempts made to measure flow velocities were 
unsuccessful. Brief descriptions of these techniques are 
given in Section 2,3. Finally it was decided that useful 
information could be obtained by measuring the mass transfer 
coefficient and the shear stress at the wall by the electro- 
chemical technique which is reviewed and described in the 
above section. In the experiments using the above technique, 
air simulated both oxygen and the shrouding gas. The 
descriptions of the equipments and the experimental procedure 
for these experiments are presented in Section 2.4, Visual 
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observations of flow as well as movie photography Yfexe under- 
taken to a limited extent. These are described in Section 2.5, 

2.1. GMERil LAYOUT OF THE APPARATUS 

The general layout of the apparatus is shown 
schematically in Figure 2.1. It consists of a simulating 
vessel and two gas flow lines, one connected to the inner tube 
of the tuyere in the bottom of the vessel and the other 
connected to che annular space be'cween the two pipes in the 
tuyere. The air flow -line consisted of an air-compressor, a 
flow regulating vsAve, a chamber in which temperature 
measurement could be done and an orifice meter to measure the 
air flow rate. The shrouding gas flow -line, which supplied 
gas to the annular space in the tuyere consisted of a carbon 
dioxide cylinder, a flow regulating valve, a chamber for 
temperature measurement and a rotameter for measuring the flow 
rate. At very small flow ratos^ of the shrouding gas, a 
capillary flo\¥ meter replaced the rotameter. There was a 
provision for routing part of the air into the shrouding gas 
flow-line for experiments in which mass transfer coefficients/ 
shear stresses were measured. ' 

2.1.1, Dimensional Analysis; 

A dimensional analysis was carried out v/ith a view 
to design the simulating vessel and the tuyeres. Following is 




Fig. 2.1 Schematic diagram of the layout of the apparatus. 
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a list of process variables iii a bottom blovm converter which 
may have a bearing on tho liquid flow in the converter. All 
of the following variables, however, may not bo important. 

I'or the sake of brevity, gas flowing in the inner pipe of the 
tuyere will be termed as the jet gas and the gas flowing in 
the annular space between tho two pipes as the shrouding gas. 


Yariable 

Velocity of the jet gas at the tuyere exit 
Velocity of the shrouding gas at the tuyere exit 
Diameter of the inner pipe 

Thickness of the annular space between the tvifo 
pipes 

Distance to which the inner pipe is projecting 
into the liquid 

Density of the jet gas at the tuyere exit 

Density of the shrouding gas at the tuyere exit 

Density of the liquid 

Height of the liquid bath 
Viscosity of the jet gas 

Viscosity of the shrouding gas 

Viscosity of the liquid 

Surface tension of the liquid 


S3rmbol 


V . 


0 

0 


d . 

D 


1 


^ 0 


3 


h 


1 
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If v^(x, y, z) is the velocity of the liquid at 
a point (x, y, z), then by Rayleigh's method of indices, one 
obtains after some rearrangement: 


y, z; 


v° t . , p° p° 

-p r — s ~ .1 ■' s 

^ ^0 ’ a ’ 6. ’ d ^ p _ p ’ 


V i i i - P P ~ O 

1 ^ ^ ^ '1 h -I ^ i 


F R ~ ^—1 

"“Rr’ ^ Re’ ^^Re’ ^^Re» ^ W d. ’ d. ’ d . 

ODD 


where 


i) R_ is the Rroude number, 

' Ui-v^ 7 


gdj ' 


ii) ^^Re Ko Reynolds numbers for the 

jet gas flow, the shrouding gas flow and the liquid 

flov7 in the vessel respectively, and defined as 

= V? d . p°/\i. a.nd so on, and 
RQ 2 2^22 * 

iii) Rv;r, is the Weber number, cr /( P? d. 

" ^ ' J J 

"■% 

Ror the type of flow one encounters in bottom 

blowing where buoyancy affects are important, it is meaningful 

31 

to use the modified Rroude number rather than where 

the former is defined as 


*■*3 q - f° 


2.2 
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Amongst the dimensionless va-riables in eq, 2,1, 

Reynolds number, which is a ratio of inertia.1 forces to 

viscous forces, is not definable for the liquid flow in this 

system and has. been ignored. Hov/ever, it is to be noted that 

the kinematic viscosity of molten steel and water are 

comparable and hence the viscous effects are also expected to 

be comparable. At veiy high the bubble size in the jot 

has been found to be a veiy weak fimction of . Moreover, 

as the turbulence in the jet is large, agitation oveirides 

the viscous effects; gravity and inertia are the leading 

forces and the effect of Reynolds number becomes insigni- 
22 is 

f leant. Hence Hd and have not been considered when 

iio Re 

selecting the vessel size. In determining the flov\r of the 

liquid in the vessel, surface tension may not play an 

important role, while momentum of the jet should be of over- 
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riding importance, Thcofanus et al , for example, found 
that the effect of suifa,cc tension on mass transfer from a 
jet to the surrounding fluid is quite small. However, in the 
jet behaviour itself, like mixing of the two jets, it may 
have some importance. In the present investigation, however, 
Weber number has not been simulated because simultaneous 
simulation of the Weber number and the modified Proude number 
V70uld require flo^r rates of air beyond the capacity of the 
laboratory model. It was therefore decided that a convenient 
tuyere size would be chosen, and flow rates of air selected to 
simulate modified Proude number of the prototype. 





Data of a typical blow in. a 25 1 converter at 
Maxhiitte (Table 2.1) converting high-phosphorous iron was 

5? 'Z 

tahen for the purpose of simulation. ^ Design data for a 
larger converter could not bo obtained, Ba.sed on these, the 
dimensions of the simulating vessel a.nd the tuyeres were 
decided upon, keeping experimental limitations in mind. 

Table 2. 1 

Da.ta for a 25 T OBI, I Converter at llaxhiitte 

'7 Z 

A.G., Germany"*^ 


Tuyere s 


lumber of tuyeres 

20 

Inner pipe i.d. 

12 mm 

Inner pipe o.d. 

14 mm 

Thickness of the annulus 

ng: 

2 mm 

Total flow rate of oxygen at 
full blow 

5000 Nm^/hr 

Total flow rate of propane 
(shrouding ga,s) 

170 Im'^/hr 

Average velocity of oxygen a,t 
the tuyere exit 

4.9 X 10^ c] 


Dimensionless groups for the oxygen jet 
Re 


^’Wb 


3.9 X 10' 
330 

3.5 X 10' 
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Tho ear comprossor availablo to us could deliver 
air at a flow rate of only about 350 liters/min. Therefore, 
it was decided to choose the diameter of tho inner tube in 
the tuyere to be 0,65 cm for single tuyere measurements. 

Por this size, the flow rate of air from the comprossor v/as 
sufficient, with enough margin, to simulate the modified 
Froudo number of the prototype. 

The dimensions of the Maxhiitte converter, 

referred to in Table 2.1, were not available. On the other 

hand, the bath height in a 30 T OIP converter at IRSID, Prance 

34 

is a.bout 83 cm and the diameter is about 2,6 meters. 

Based on these, the height of T/ater in the vessel for the 
experiments were kept at 40 cm. (except for those sets where 
bath height was a variable). The diameter of the vessel vfas 
kept at about 50 cm, as vessels of larger size were 
difficult to handle in the laboratory. 

In multi-tuyere experiments, the diameter of the 
tuyeres was chosen to be 0.325 cm, which allowed simulation 
of v/hen twelve tuyeres were used. 

2.1.2, Simulating Vessel 

The simulating vessel used in these investigations 
is sho\wi in Pigure 2.2. It consisted of a tank of . 

51 cm X 51 cm square cross-section and 67 cm height made of 
1 cm thick optically clear perspex sheet. The sides of this 
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■vessel v/ore joined using chloroform and supported by a frame 
of aluminium angles. The bottom was detachable and was 
fixed to the side vralls with screws, with a silicone tape 
gasket in between. 

A vessel of square cross-section with flat vfalls 
allows photography and visualization of flov/ without optical- 
distortions. However, it was found that such a shape of the 
vessel resul'bed in appreniablo comer effects in the fluid 
flow pattern. Therefore, later on a cylinder of perspex open 
at both ends of 48 cm- i.d. and 65 cm height was placed 
inside the squa,ro vessel and the intervening space was also 
kept filled with vrater so as to avoid optical distortions. 

The lower sad of the cylinder v/as sealed against the bottom 
by a oeoprone gasket and pressure from the top. 

With a single tuyere placed axially, the ba.th was 

found to oscillate quite vigorously. This kind of behaviour 

22 

has also been reported by Etienne in his water model 
studies. Small oscillations in the bath due to surfa.ee waves 
make the gas jet oscilla.te too. This causes the spout above 
the jet to move, which in turn results in higher bath 
oscillations. In such a manner, the oscillation amplitude 
builds up. As these oscillations made handling of the 
apparatus quite difficult, a spout breaker was provided to 
reduce this oscillatrng and at the same time interfere with 
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the flow to the minimuia' extent,. The spout breaker was a 
short 15 cm dir., glass cylinder open at both ends kept 
vertically about 2.5 cm above the quiescent bath surface. 

This stopped the movement of the spout bringing down the 
amplitude of the oscillations. 

The bottom of the vessel used in single tuyere 
experiments had a central threaded hole into which the tuyere 
could be fitted. In experiments with multiple tuyeres, this 
bottom was replaced by the one shown in Figure 2,3. This 
consisted of 35 threaded holes into Yifhich the tuyeres could 
be fitted. The holes were distributed such that va.rious 
configurations of tijiyores could bo achieved. The holes not in 
use were plugged with perspex stoppers and neoprene gaskets. 

2.1.3. Tuyeres 

Concentric tuyeres were employed in experiments 
with single tuyeres. . In experiments with multiple tuyeres, 
the tuyeres were simple tubes. 

Figure 2.4 shows the concentric tuyere assembly. 

It consisted of an inner pipe of constant cross-section 
through which air was to be blown. This pipe v/as placed 
coaxially in an outer pipe which was threaded onto the bottom 
of the simulating vessel. The inner pipe was sealed to the 
outer pipe using an 0-ring and a knurled knob so that the 
projection of the inner pipe into the vessel could be 
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adjusted at v/ill. The shrouding gas was introduced into the 
annular space between the two pipes through a side-tube 
soldered to the outer pipe. The design v/as such that 
various combinations of diameters of the inner tube and widths 
of the annulus could be obtained. In this work ho?i?ever only 
one combination of sizes was employed the dimensions of which 
are sho^m in ligure 2.4. 

The tuyeres employed in multi-tuyere experiments 
are shovm in figure 2.5. They wore simple tubes, threaded 
on the outer side so that they could be fitted into the 
bottom of the simulating vessel. The tuyere shovm in ^Figure 
2.5a, when fitted, was flush with the bottom; the one shown 
in Figure 2.5b projected out of the bottom into the vessel 
to a distance of 1.3 cm. 

2.1.4. Air F1 ov 7 line 

Air was supplied by a 3 HP rotary compressor-cum- 
vacuum pump manufactured by Messrs J.B. Saw ant Engineering 
Works, Bombay. A rotary compressor is a constant volume 
device and hence the flow rate is constant with respect to 
time. Throttling of air inlet into the compressor allo?/ed 
gross control of the flow rate. Air from the compressor was 
first pa,ssed through an oil filter (Figure 2.6) containing 
coa.rse and fine glass wool and then through a 3 meter long 
pipe of 20 cm diamet er which acted as a surge tank 
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eliminating small pressure fluctuations. A 5 cm i.d. pipe, 
next in the flow -line 5 had a gauge to measure the pressure 
in the flow-line and a needle valve for blowing off air to 
effect finer adjustments in air flow rates. 

The temperature of air was measured with a 
thermometer in a 10 cm die. and 25 cm long chamber, which was 
next in the flov/-line. 

Flo?/ rates of air v/era measured with an orifice 
meter fabricated in the la,boratory. An orifice meter was 
chosen for this purpose, because of its simplicity, stand- 
ardized design, and wide range of flov/ rates that could be 

55 56 

measured with accuracy. ASIM specifications ’ V7ere 

applied throughout, so that the meter could be used without 

recourse to time-consuming calibrations. Dimensional 

details of the orifice-meter are shown ii Figure 2.7. It 

consisted of a square edged orifice of required size placed 

between two circular pipes of constaiat cross-section. 

Pressure difference between points 2.5 cm away on the 

upstream and downstream side from the respective faces of 

the orifice pla.te was measured. The total pressure on the 

upstream side v/as also simultaneously measured. With these 

data the flov; rate can be C8,lculated using standard 
55 56 

tables. ’ The equation used for calculating the flow 
rate is the following (after conversion into metric units ) : 
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W = 34.77 (Dg)^ KY^ 2.3 

where 

W = mass flow rate of air, gm/scc 
Dg = orifice diameter, cm 

K = flow coefficient = c/^ 1 - dimensionless 
p = ratio of orifice diameter to pipe diameter, 
dimensionless 

= expansion factor, dimensionless 

= density of metered fluid at upstream pressure to.p 
c ond it ions , gm/ c c 

= pressure difference across the orifice, cm of water 
C = coefficient of discharge, dimensionless. 

35 

Values of flow coefficient K or coefficient of 
-36 

discharge C are available in standard ta.bles. It can also 
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be calculated using empirical equations. Values for the 

expansion factor Y-j for various gases in terms of pressure 

35 36 

difference and p are also available in the literature. 

The mass flow rate so obtained is converted to volume flow 
rate at the tuyere exit. Procedure for the calGula,tion of 
flow rates is given in Appendix I . 

The orifice meter pipes were of brass, 3.75 cm 
i.d. and wa,s polished to brightness on the inside. The 
upstream side was about 60 cm. long and the downstream side. 
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30 cm* The two wore joined with flanges, with the orifice 
plate in betv/een. Pour pressure holes, 90° from each other, 
were provided both upstream and downstream of the orifice 
plate at a distance of 2.5 cm. Piezometric rings ware 
soldered to the pipe outside- to eliminate pressure variations 
along the perimeter of the pipe. These tv^o piezometric rings 
were connected to the two ends of a, manometer, A pressure 
tap was also provided on the upstream side to measure tho 
total pressure, Flanges were carefully fitted to the pipes 
to give axial alignment of the latter. A step was provided 
in one of the flanges into v/hich the orifice plate fitted 
tightly so that the latter is also eocially aligned and 
orifice plates of different orifice diameters could be used. 

The orifice plate was made of 0.15 cm thick 
sta.inless steel sheet. The dimensions of the orifice plates 
as shown in Figure 2.8 conformed to ASMS specifications. 

The square edges w'ero carefully machined and checked under a 
magnifying glass for imperfections. 

In single tuyere ■experiments, air from the 
orifice meter was directly fed to the tuyere. In multi- 
tuyere experiments, however, air was distributed equally to 
various tuyeres with the help of a feeder shown in 
Figure 2.9. 




FD2-H 

■6.3 cm ■ 


Fig. 2.8 Orifice plate 
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2.1.5. I'low-'Lin.e for Shrouding G-as 

Tho flov;-lino for tho shrouding gas is a.lso shovni 
in Piguro 2.1. Carbon dioxide v^as supplied from a cylinder. 
Tho flow rate v;as adjusted with the help of a needle valve. 
The temperature of the gas was measured in a manner similar 
to the one employed for air. lor ma-ss transfer coefficient 
and shear stress measurements pa,rt of the air from the air 
flow-line ?/a,s bifurcated to the flow-line for the shrouding 
gas . 

The flow rates of the shrouding gas were measured 
Yfith a Rotameter (for higher flow rates) or a capillary flow 
motor (for smaller flov'^ rates). These had been precalibrated 
with a precision Y'/et-Test meter. 

2.2. STUDIES OP CAS MXIIG lU THE JET 

Gas mixing in the jet was investigated only in 
the single-tuyere s-ssembly since the results thus obtained 
are expected to be applicable to multi-tuyere assembly too. 
Air from tho compressor was employed to simulate oxygen and 
carbon dioxide from cylinders employed to simulate the 
shrouding ga.s. Concentration profiles were taloen at 
various heights from the tuyere exit. Gas eualysis was 
done by gas-solid chromatography. 
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2.2.1. Sainpla Probe Assembly and the Drying Column 

Gas sampling was dona by a probe comprising of a 
20 ml hypodermic syringe attached to a rigid arm. Ihe 
plunger of the syringe was pulled by means of a ?/ire 
connected to its head. The probe is sho?/n in figure 2.10. 
for sampling a.t various locations in the field of the jet, 
it is necessary to move the probe along two normal horizontal 
ames as well as in the vertical direction. Moreover, the 
exact location of tho probe tip wa.s to be known with fa,ir 
accuracy, Tbese vvore achieved by hanging the rigid arm 
from a metal platform which could be moved in the two 
horizontal directions. The rigid arm, which held the probe, 
could be moved up and down, figure 2.11 presents a sketch 
of the assembly. 

Tho gas sample thus collected wa.s v^et and was 
next di-ied over 3 s 1 sulphuric acid in tho dryer shown in 
figure 2-. 12. Drying is essential? otherwise water vapour 
v/ould get adsorbed on the silica gel column in the chroma- 
tograph changing its cha,r act eristics. 

2.2.2. Gas Analysis 

Gas analysis was done with a gas chromatograph 
manufactured by Messrs Chromatographic Instruments 
Corporation, Baroda, India, and a 1 mV recorder (Sergeant, 





SidGwall of 

simulating 

vgssgI 


Three dimensional traverse 
for gas sampling probe. 
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U.S.Ao). Silica gel ?/es used as the statio'.iarj'" phase aud 
hydrogen as tho- carrier gas. After much trial and error, 
the column temperature v/as fixed at 110°C and hydrogen flow 
rate at 40 cc/min. The detector was of the thermal 
conductivity type. 

Injection of the sample v^ith syringes did not give 
satisfactory reproducibility of analysis. Hence a. sample 
introducliag device, shown in figure 2,13 was fabricated. 

This allowed a fixed amount of sample to be introduced evsiy 
time and the rate of injection of the sample was conetant. 
Using this device, th-e reproducibility of peak area as ?/ell 
as peak heights v/a.s good. Hence ratio of poal^ heights 
itself was used for the analysis, resulting in considerable 
saving of time. A calibration chart of ratio of- peak 
heights vs. ra,tio of c one ont rat ions was drawn. On each dajr 
of experimentation, this calibration \7as checked to guard 
0.gainst ClD-J changes in column or detector behaviour. 


2.2.3. Experimental Procedure for Gas Mixing Studies 


The simulation vessel was filled v/ith tap water. 
BlovYiiig of air and carbon dioxide was started and adjusted 
to the required value. A sample of gas was taken at 
distance of about 20 cm. dofwistream from the tuyere exit, 
where the mixing was complete, and analysed to check whether 
the average concentration of carbon dioxid|»^|as that ex^pp^'J 




>■% . 


Itei. 


62149i 



''2 

i 

^ Manometer 


Sample volume 
(4ml. approx.) 


^ H2 


VACUUM 


Fig. 2.13 Sample introduction device 
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The probe weis then fixed at the required height and radial 
position. A samplo of about 20 cc was taken into the syringe. 
The probe was then taken out. A small amount of the sample 
was injected into the dryer to bring the CO2 concentra,tion 
in the sulphuric acid nearer to the value v/hich ?/oulcl be in 
equilibrium with the sample. After about one minute, this 
gas vi^as sucked out end the sample injected into the dryer. 

The sample introducing device was by-passod from the carrier 
gas line and evacuated. About 4 ml of the sample was then 
taken from the dryer in a. gaS“tight syringe and introduced 
into the device through the silicone septum (see Figure 2,13). 
The mercury manometer indicated the pressure of gas in the 
sample tube, from which the amount of sample could be 
calculated. The carrier gas was then made to pass through 
the sample tube taking the sample along with it to the 
chromatograph. The heights of the peaks in the chromatogram 
corresponding to air and carbon dioxide were measured and the 
composition read from the calibration chart. 

2.3, DEVElOPlvIENT OE TECHklQIJE EOS STUEYIFG ElUID FLOW 
lEAR THE ¥ Allis 

2.3.1. Efforts to Measure Flo?/ Velocities 

The study of fluid flow ?/ith reference to the 
bottom wear is a tricky problem. Originally, it ?/as thought 
that flow profiling could be done in the near-bottom region 
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v^hich could later be related to mass transfer and wall shear 
stress at the bottom. The following methods were tried out; 

a) Tracking of particles with density yeiy near that of 
water. This method had been used by Davonport et al^"^ 
to measure flow velocities in a water model of the 
top"blown steelmaking process. 

•zo 

b) Hydrogen Bubble Technique ; This involves placing 
thin platinum wire cathodes in the flow field and 
producing streaks of tiny hydrogen bubbles. TheOe 
bubbles could then by photographed to reveal the 

nec ess a.ry inf omnat ion . 

'X o 

c) Thymol-Blue Method'^ Here one employs the fact 
that the liquid very near a cathode in an electro- 
chemical circuit becomes rich in OH” ions^ increasing 
the pH. Hence if a solution containing thymol blue 
indicator is maintained at a pH just less than 8 aiid 
a platinum wire cathode is placed in the flow field, 
a short pulse of current through the cathode would 
make a streak of blue to appear next to the cathode, 
which would move ¥/ith the fluid. The strealc could be 
followed photographically and necessary information 
obtained. 

All the above. three methods failed to yield 
relevant information, because the fluctuations in the flow 
are quite large. To locate the particles in the direction 
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of sighting was difficult. Moreover in (b) and (c ) the 
streak of bubbles or thymol blue were hazy as they emerged 
from the cathode and wore dissipated within a vexy short 
distance. . 

Apart from these j measurement of flow velocities 
using a pitot tube ?/as also tried. Hov/every chaiiges in the 
total pressures were very small. Moreover, the pitot tube 
cannot give an idea of the fluctuations in flo?/ which are 
important. In addition to that, the surface of water wa.s 
not steady and so itself would contribute to the change of 
static pressure. 

Finally, however, it was decided that the most 
relevant information could be obta,ined by measuring the 
mass transfer coefficient and the wall shear stress at the 
bottom directly by the electrochemical technique. The 
method is described in greater detail in the following 
sub-section. 

2.3.2. The Electrochemical Technique - A Brief Review 

In diffusion-limited electrochemical transfer of 
a species from an electrolyte to an electrode, the current 
becomes constant (limiting current, i^) beyond a particular 
applied voltage and this current depends only on the mass 
transfer coefficient and bulk concentration of the species 
being transferred from the electrolyte to the electrode. 



If across such a diffusion-limited electrode, the electrolyte 
is ma,de to flow, the mass transfer coefficient and hence the 
current would he dependent on the velocity gradient. This 
is the principle behind the electrochemical techiiiquo to 
measure the mass transfer coefficient and the wall shear 
stress. An excellent review of the method, by Mizushina^^, 
exists in the literature, so only the highlights of the 
method and some of its applications will be noted here. 

Figure 2.14 is a schematic plot of current vs. 
voltage at various flo?ir rates across the electrode. At any 
given flow rate, as the voltage is continuously raised, a 
point is reached beyond v/hich current remains constant on 
further increase of electrode potential. This region of 
constant current is the limiting current region. On further 
increase, however, a second reaction like hydrogen evolution 
would start causing current to increase drastically. So the 
shear stress measurements are done in the voltage range 
corresponding to the constant current region. Figure 2. 14 
also illustrates the effect of flow of the electrolyte. As 
the 'velocity of flov»^ of the electrolyte increases, the mass 
transfer coefficient, and hence the current, increases due 
to decrease in the concentration boundary la;;;^or thickness. 

At very high flo’w rates, however, the reaction rate an the 
electrode surface becomes comparable to the rare of mass 
transfer and the plateau region in the current vs. voliiage 



Voltage 


Fig. 2.14 Plot of current vs voltage at various flow 
rates Uj of the liquid across the electrode; 

U3>U2>Ui. 
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plot disappeejs. This uppar limi-'- to flow rate is called the 
''critica,! flow rate” and is a limit beyond T/hich the eloctro" 
c hemic 3,1 method cannot be employed. 

Such an electrochemical method for measuring tho 
mass tz‘3,nsfer coefficient^ the velocitj?- gradient and therefrom 
wall shear stress has some inherent advantages. The electrode 
can be mounted flush with the ?/all so that the measuring 
process does not disturb the flov7 as in other' techniques. 
Electrodes can be very small enabling one to mea.sure local 
values of shear stress and ma,ss tra,iisfer coefficient. Since 
the response of the cathode is very fast, one can measure 
both the time-averaged and fluctuating components of these 
quantities. The output signal can be processed in an analog 
device to j/'ield the required information. 

There are, however, certain limitations of tho 
process. At very high flow rates, as mentioned earlier, 
the method is not applicable. Moreover, only certa,in kinds 
of electrolytes, in \¥hich a diffusion-limited reaction 
occurs, C3J1 bo employed. 

When current is passed through an electrochemical 
circuit, ions from the bulk of the electrolyte are trans- 
ferred' to the electrode surface by 

a) diffusion aided by coavection, i.e., by convective 

mass transfer through the concentration boundary layer, and 
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b) migration due to electrical potential gradisrit. 

In the presence of a large concentration of an 
indifferent electrolyte, migration would be negligible at 
the boundary layer as compared to the convective mass 
transfer. Hence the staida-rd equations for convective mass 
transfer to phase boundaxy would be applicable here as 
follows : 



k(Cb 



2.4 


where 

H. = mass tra.nsfer rate for component A, 
k = mass transfer coefficient, which is dependent 

on the thickness of the .;ffoctive boundary layer, 

= concentration of A in the bulk of the electrolyte, 
and 

0^ = concentration of A at the electrode surface. 

The current at the electrode (i) is given as 



2.5 


where 

i = electrode current, 

n = number of electrons involved in the reaction, 
and 

k = Faraday constant. 
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At limiting current becomes zero and 

hence from Eqs. 2.4 and 2.5, one obtains: 


k = 


"d 

AnEC, 


2.6 


If at any instant the mass transfer coefficient is 
fluctuating, the current would also fluctuate. If i^ and i'^ 
are the time -averaged value and the fluctuating component of 
the instantaneous current, one can write; 


and 


k 


k' 



AnEC^ 


2.7 


2.8 


where k and k' are the time-averaged and the fluctuating 
components of the mass transfer coefficient. 
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Reiss and Hanratty have related the mass transfer 
measurements using small circular electrodes with the wall 
shear stress at the electrode surface. The following assum- 
ptions were made: 

1 . The scale of fluctuations is large compared 
to the electrode diameter so that the flow is uniform over 
the electrode surface. 

2. The concentration boundary layer thickness 
is smaller than the laminar sub-layer thickness. 
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3. The local turbulence intensities in the two 
directions parallel to the wa,!! aro small. 

4. The fluid properties are constant. 


With those assumptions , they derired the following relation^ 
ship between the instantaneous mass transfer coefficient (k), 
time averaged wall velocity gradient (s) a'-d the fluctuating 
component of the wall velocity gradient (s') as follows; 


k = 


, T,a-- 1/3 

P. (D^) (1+5-) 

e s 


2 r (4/3) 9''/^ 

0.505171 


4 


(9 


/S' N 

w, 1 D 1/3 

1/3 )(^) s_... 

a ^ 


2.9 


where 

D = diffusion coefficient of the species being 
transferred, cm / sec . , 

1 = effective length of the electrode in the direction 

o 

of the mean flow = 0.8131 d^,^, cm, 
t = time, sec, 

6' = gamma function, and 

d = diameter of the electrode, cm. 

0 

The time average of this equation is 


k 


2 r (4/3)9^^ 




o. 


2.10 
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and the fluctuating velocity gradient is given by 


k' 


2 r (4/3)9^ 


-n2~ 1/3 , 

(l-a) (^) 


s 


0.- 5i)5Jil ^ 




s 


<9 


2.11 


From Eqs. 2.10 and 2.11 one obtains; 


k 


s 






2.12 


where 


-t* = £r5£5njJ2,(4/3l9i{2 

2 D s^ 


is the time constant of the concentration boundary layer, by 
analogy with EC electrical circuits. 

Average value of the shear stress, v can be 
calculated from Eqs. 2.7 and 2.10. However, Eq. 2.12 
relating k' and s' is a differential equation and can only 
be solved if one knows the frequency distribution of the 
mass transfer coefficient. However, a.s a first approximation 
the second term in Eq. 2.12 can be ignored. Ihis approxi- 
mation is meaningful when the time constant for the concen- 
tration bounda,ry layer t is small, i.e., the electrode 
diameter (d„ ) becomes small. In such a case one can write 
for the r.m.s. value of s' 
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Using Bqs, 2,b and 2.13j the r.m.s. value of the fluctuating 
component of the velocity gradient cazi be obtained from the 
r.m.s. valuG of bhe fluctuating component of the current. 


The time-averaged and the r.m.s. value of the 
fluctuating componont of the \?oll shear stress can be 
calculated from the following relationships: 


T = - S 


and 


2.14 


= - 


v/hore 

T = time -averaged value of the wall shear stress, 
dynes/cm^, 

T' = fluctuating component of the wall shear stress, 
dynes/cm ^5 and 
= fluid viscosity, poise. 


2.15 


In the moasurement of mass transfer coefficient 
and Wall shear stress, largo anodes and small csithodes are 
used. Because of the difference in area, polarization at the 
anode would be negligible and the measurement would yield the 
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required values of the quantities at the cathode location. 
Platinum and nickel electrodes ha.ve been used oxteasively 
for these experiments. 

Application of this method to measurement of mass 
transfer coefficient and wall shear stress has been quite 
extensive. Only some of them will be mentioned below. 

In the measurement of mass transfer coefficient 
and wall shear stress, redox type of solutions are normally 
employed. One system widely employed by various woikers is 
the equimolar aqueous solution of potassium ferrocyanide 
and potassium f erricyanide. The electrode reactions are 

Pe(GN)g + e — ^ PeCCU)^" at the cathode 2.16 

Pe(01T)g — ^ P3(CN)g + e at the anode 2.17 

large amounts of sodium hydroxide and/or potassium chloride 

are usod as indifferent electrolytes, 

44 45 

Ha,nratty and coworkors , Ito and Ogawa , 

Runchal'^^, Berger and and Maruyama et al^® have all 

studied mass transfer in pipe flows using the above system. 
Borcod convection across cylinders has been investigated by 
Son"^^ and Dimopoulos and Hanratty^^. Mass transfer fluc- 
tuations in turbulent boundary layers have been studied by 
Dworak and Wendt. 
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Shear stress measurements have been done by Reiss 

/I i 

and Hanratty , Mitchell and Hanratty^^, Sircar and Hanratty^'^ 
in pipe ilo?\fs. Son , and Dimopoulos and Hanra.tty^^ have 
studied velocity gradients and shear stress at the walls of 
cylinders kept crosswise in flow. 

The follof/ing ca,thodic reaction has been used by 
55 

Rench and Tobias in their mass transfer studios on hori- 
zontal plates. 

Ou^^ + 2c —> Cu 2.18 

56 

Schutz did similar measurements on cylindrical and spherical 
surfaces. 

The present investigation did not permit the use 
of tho above uloctrolyto systems, because tho electrolyto 
cannot bo kept free of oxygen. Therefore, oxygon dissolved 
in wator was omployed as the transfer species in the electro- 
chemical systom. Tho olectrode reactions wore 

Og + 4o” + THgO — 40H“ at tho cathode 2.19 

4 OH” — y TIigO + Og + 43 ” at tho anode 2.20 

large amount of sodium hydroxide or potassium hydroxide ?fas 

used as the indifferent electrolyte. This system had been 

57 58 

employed by Postlethwaito and Holdner^'^-^ in their mass 

59 

transfer studies in pipes carrying slurries, lin et al 
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compared various electrode reactions for the study of mass 
transfer in pipe flov'vs. The "behaviour of oxygen as the 
tr 0 ,nofei species ^'i'as found to be satisfactoiy bv these 
workers. 

2,4. IvSASUREIffiMT OP IIASS TRMSPER COEPPICIEIIT MD Will 
SHEAR STRESS - ' ■ 

Mass transfer coefficient and wall shear stress 
measurements were made at the bottom of the simulating vessel, 
when blowing with single and multiple tuyeres, using the 
electrochemical technique. Some measurements were also made 
along the sidewalls in experiments with single tuyeres. The 
details of the experimental arrangement, equipments and 
procedure are discussed in this section. 

2.4.1. Electrode Preparation 

Platinum electrodes of circular cross section were 
employed for measurement. The diameter of the ■ electrodes 
was selected to be about 0,25 mm. This was found to be 
adequate because the amplitude of flow fluctuations was 
large and frequency small. Moreover, the currents obtained 
with this electrode were in the easily measurable range. 

In a circular disc of perspex a 0.4 mm hole wras 
made in the center and the platinum electrode wire was fixed 
in it with Araldite so that a small portion of the wire 
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projected from the surface. The disc was then carefully 
faced on a lathe; the feed was kept to a minimum each time 
to minimise electrode distortion. It was then polished 
sequentially on emery papers of increasing fineness. The 
electrodes were inspected under a microscope for geometrical 
irregularities. Electrodes which had rough edges j large 
striation or distorted cross-sections were further polished. 
The electrode diameters were then measured under the micro- 
scope using a calibrated eyepiece. These were then fitted 
to the bottom and sides of the wessel using chloroform so as 
to be flush with the vessel surface. Any small projections 
were removed by polishing with fine emergy paper. The 
.electrode construction is shown in figure 2.15. 

The anode employed v/as a large platinum sheet 
kept far from the cathode in the simulating vessel. 

2.4.2. Electrolyte 

Oxygen dissolved in water constituted the transfer 
species. Distilled water with 0.1 mole/liter of sodium or 
potassium hydroxide dissolved in it constituted the 
electrolyte. The physical properties of this solution are 
given in Appendix II. 




Electrode 


Electrode construction 
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2.4.3. Jilectrical Circuit 

The electrical circuit consisted of two parts as 

follows; 

a) The first part was meant for application of the required 
potential across the electrochemical cell and the 
conversion of the cell current to a voltage signal. 

This part may be termed as the electrode circuit. 

b) The second part processed the output voltage signal 
from the electrode circuit to give the average and the 
root mean square value of the signal. This part may 
be referred to. as the output circuit. 

The electrode circuit is shown in figure 2.16 and 

47 

is similar to the one used by Son. The anode was grounded 
to the water pipes in the laboratory and a voltage relative 
to the anode viras applied to the cathode with the help of 
two 1.5 V dry“Cells connected in parallel and a 100 A. 
potentiometer. The other end of the potentiometer was 
connected to the inverting terminal of a PST -input operational 
amplifier, IM 8007, used in the current-to-voltage converter 
mode. The noninverting terminal was grounded along with the 
anode. The op. amp, allowed the voltage across the electrodes 
to remain steady when the current in the circuit was fluctu- 
ating. In the feed-back was connected a 100 kXL, 0,1 pet. 
metal film resistor. The output voltage (V) from the op. amp. 
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would bo equal to the product of the current in the circuit 
i and the feedback resistance, i.e., 

V = 10^ i 2.21 

All ground connections were made with thick copper wires, and 
all other external wires were shielded. The battery and the 
potentiometer were housed in a grounded aluminium box. All 
these precautions were necessary to minimise noise pick up. 

The output circuit consisted of two parts. In 
the first part, sho?/n in figure 2.17, the output from the 
electrode circuit was passed through a lov;-pass filter with 
8. time constant of 100 secs, which had an op. amp., fST- 
input IM 8007, as the active element. Output from this op. 
amp. v^as the average value of the signal. This average was 
subtracted from the original signal to separate the fluctu- 
ating component of the original signal. 

The fluctuating component of the signal so obtained 
was the input to the second part of the output circuit, shown 
in figure 2.18. Tlais signal was first amplified to the 
required value in a preamplifier. It was then filtered of 
any 10 components in a simple EC filter followed by an op. 
amp. as buffer. The output from the buffer was squired 
in an Analog Devices Multiplier, AD 530* The squared signal 
was averaged in a low— pass filter to get the mean square of 

The root— mean— square value was then 


the fluctuations. 




IM-fi, matched 


Output from 

Electrode circuit iMui, matched 



Fluctuating 
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calculated from this, taking into account the amplification 
in the circuit. Small capacitances wore incorporated in 
the feed -hack loop of all the operational amplifiers to 
avoid any oscillation problems due to capacitive coupling. 

m- 

2.4.4. Experimental Procedure 

The simulation vessel ?/as thoroughly cleaned with 
soap water and rinsed with tap water. After drying, the 
electrodes wore cleaned with fine emery paper. The vessel 
was then rinsed with distilled water and filled with it 
upto the desired height. Either sodium hydroxide or 
pote^ssium hydroxide was added to get a concentration of 
0.1 molos/liter. 

Each cathode was pretreated in the follov/ing 
manner before measurements; 

(i) The electrode was kept at +1.0 V for about 15 seconds 
to oxidise any impurity on its surface. 

(ii) Polarity was reversed and the electrode was kept at 
-1.1V for about 30 minutes. This was expected to 
reduce any platinum oxide or adsorbed oxygen on the 
electrode surface. 

- (iii) The electrode was then kept at -0.8 V for about 

tv\ro hours for obtaining a stable electrode surface 
during experiments. 
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This pretreatmsnt was arrived at, after many trials, 
to obtain reproducible results. 

Blowing of air, was then started and the flow rate 
was adjusted to the required value. Total flow rate ?/as 
measured with the orifice meter. When studying the effect of 
the flow rats of shrouding gas, the total flow rate was kept 
constant and the required percentage of this flow ¥/as 
directed through the annular space. This w^, the effect of 
total air input was soparatod from the effect of distribution 
of air in the two parts of the tuyere. Flow rate of gas 
through the annular space T^as measured with a rotameter. 

The electrochemical cell was then switched on. 

It took about 10 minutes for the average of the output from 
the electrode circuit to become steady. This was measured 
with a Philips DG-Mcrovoltmoter and was also plotted in a 
millivolt recorder to obseiwo its stability. Once the 
average of the signal was steady, the mean square of the fluc- 
tuations was measured. This took about another 15 minutes. 
Throughout tho measurement period, the fluctuating component 
of tho signal v^as monitored on an oscilloscope to make sure 
that no stray noises v/ere picked up and the operational 
amplifiers in tho circuit ¥vere not saturated. 

Prom thesG data, the mass transfer coefficient 
and the wall shear stress were calculated. The calculation 
procedures are given in Appendix I. 
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2.4.5. Arrangemoiit of Electrodes in Experiments with Single 
and Multiple Tuyeres 

Distribution of the electrodes along the bottom 
and the sidewalls for experiments with single tuyere are 
shown in Figure 2,19. Five electrodes v/ere placed at the 
bottom along a radius at intervals of 4 cm. Six electrodes 
v/ere placed on the sidewalls along a vertical line at 
intervoXs of 8 cm. 

The electrode distribution, in the multi-tuyere 
bottom is shown in Figure 2.20, Electrodes were placed 
along two radii perpendicular to each other. This was 
essential for measuring the shear stress distribution when 
blowing v/ith asymmetric tuyere arrangements, 

2.5. YISUiXjIZATIOE OF FLO?/ 

The flow patterns in the simulating vessel during 
bottom blowing with a single tuyere v/ere visualized using 
dust particles and polystyrene beads. In general 
lighting, the picture of flow was quite confusing and 
difficult to understand. Therefore an arrangement was made 
to light only a slit of about 2 cm v/idth in the flow field. 
The lighting arrangement employed is shown in Figure 2.21. 
It consisted of two 1000 W. bulbs kept one above the other 
inside a cylindrical reflect or made of aluminium. The 
light from the slit in the reflector was passed through 




Cylindrical vessel 


Square vessel 


67 cm 


Positions of electrodes for experiments 
with single- tuyeres. 




Perspex 
\ ^ cylinder 


e = 2.0 cm 
f = 3.0 cm 
o tuyeres 
o electrodes 


Fig. 2.20 Positions of electrodes for experiment 
with multiple tuyeres . 




■Cylindrical reflector 


1000 W 
bulbs 
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reflector f 


Fig. 2.21 Arrangement for slit lighting 
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tvvo more slits at a distance of 30 cms from each other, so 
that the light emerging from these light ecr a vertical 
section of only about 2 cm width. 

In visual observations, dust particles present in 
the tap water were sufficient to enable one to trace the 
flow pattern. Some important flow patterns were photographed 
using polystyrene beads of 0.25 mm diameter as tracers. The 
time of exposure was 0,25 sec. at full aperture. 

Apart from these the behaviour of a single jet in 
water ware visualized. The jet cone angle was determined by 
taking photographs with 1 see exposure time. Moreover, a 
movie at 64 frames per second y/ere taken to study the 
emergence of the jet from the tuyere and its subsequent 
brcal^ up. 



CHAPTER 3 


RESULTS AIJD DISCUSSION 

The first section in. this chapter contains a 
discussion on errors and reproducibility in the measurements. 
QualitatiTe observations from visualization of the flow 
pattern are , presented in Section 3.2. Results of the gas 
mixing studies with a single centrally placed coaxial tuyere 
are discussed in Section 3.3. Section 3.4 contains the 
results and discussion of the measurement of the wall shear 
stresses with a single .coaxial tuyere. Results of experiment 
with multiple tuyeres are discussed in Section 3.5. A 
discussio.n of bottom refractory wear in bottom-blown oxygen 
processes in the light of the findings in the present study 
appears in Section 3.6. 

3.1. ERRORS IN RESULTS 

Errors in results can arise due to the following 
reasons: limits of reproducibility of the measurement, 
accuracy of calibration, least counts of the measuring 
instruments and accuracy of the standard data used in 
calculations. Sources of erroisand their estimates for 
different measurements are discussed in this section. 
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3.1.1. Errors in Measurement of Gas Flow Rate 

The orifice meter vi^hich was used to measure the 
flow rates of air, was designed according to ASIE specifi- 
cations and was fabricated with good care. Values of 
discharge coefficients woro taken from the standard tables. 
Error due ro rhe use of these tabulated data is not expected 
to be more than 1 pet. The inaccuracy in the measurement of 
the pressure difference across the orifice would be about 
1 mm. This would contribute an error of 1.25 pet. at the 
lowest flow rate, where this error is the maximum. The 
diameter of the orifice was measured to within 0.02 mm. 

It appears as a square term in the equation for flow rate 
calculation and hence the error in the flow rate contributed 
by this inaccuracy is about 0.4 pet. for the' smallest orifice. 
The temperature was measured to Yfithin +0.5°C and its 
contribution to the error in the flow rate measurement should 
be negligible. Combining all these, maximum error in the 
measurement of the flow rates of air is about 2.65 pet. The 
accuracy of the measurement at lower flow rates was tested 
using a precision wet-test meter and the errors were found 
to be well within this limit. 

The flow rates of carbon dioxide were measured 
with a rotameter or a capillary flow meter, both of which 
were previously calibrated against a precision wet— test meter. 
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The accuracy of measurement is estimated to be + 5 pet, 

3.1.2. Errors in the Measurement of Gas Oomposition 

Gas samples in the studies on mixing of two jets 
were analysed in a gas -chromatograph. The chromatograms 
were calibrated by analysing known mixtures of carbon dioxide 
and air. Figure 3.1 is the calibration curve with the ratio 
of concentrations of the two gases as the ordinate and the 
ratio of the respective pealc heights as the abscissa. The 
curve was dravni using 67 different gas mixtures. The least 
square fit for the calibration is: 

pot. 0 0^ height of CO^ peak 

iiii ir 1 ■ -- [■- I - I I r ii A ^ ^ /I . ^ *4 

pot. air ~ * height of air peak 

The maximum error in gas analysis by using this equation is 
about 5 pot. of the total of concentration. To ensure the 
stability of the chromatograph, gas mixtures of known 
compositions were analysed everyday during the measurement 
period. ■ 

3.1.3. Errors in Measurements of Mass Transfer Coefficient 
and the Wall Shear Stress 

The following formulae, discussed in Chapter 2 
have been used to calculate the average mass transfer coo- 
fficionts k and the average shear stress ; 



pet. CO2 
pet. air 



Peak height for CO2 
Peak height for air 


Fig. 3.1 Calibration eurve for gas analysis using 
gas - ehromatograph in C02-air mixtures. 


pet. CO 
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k 


4i 


d 


7inFG^d_' 


T 


c oast . 




3.2 


3.3 


Random errors in k and t are contributed to by errors in 
the measurement of i-, and d . 

Cl e 

To ensure that the currents measured were truly 
diffusion currents, plots of current ys. voltage were 
obtained for each electrode. One such plot is reproduced 
in Figure 3.2. It can be seen that the average current and 
the r.m.s. value of the fluctuations are quite steady between 
-0.5 F and -0.9 V. Measurements were therefore done hj 
keeping the electrode at a potential of -0.8 V. 

The error in the conversion of current to voltage 
and in determining the average is less than 0.5 pet. The 
output voltage was measured with a Philips DC-MicrovoLtmeter 
with a least count of 1 pet. of full scale. 

To check the reproducibility of current measure- 
ment, experiments with identical experimental conditions 
were repeated at different times. In Table 3.1 are presented 
the current values that were measured with one such set of 
conditions. It can be seen that the reproducibility is 
about ±2 pet. Hence the errors in the measurement of current 



Average current, microamperes 



A rms of fluctuations 


Applied voltage , volts 


Variation of average current and rms value of current 
fluctuations with applied voltage for electrode ; 

Q. = 100 litres/min, Qs= 0, U 0 and h = 40 cm. 
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Table 3.1 

Current Values Measured with Electrode B1 to Check 

Reproducibility of measureDient d- = 0.65 cm, h = 

. . 3 

40 cm, 1 = 0, Qg = 0» = 100 liters/min. 


Experiment 

No. 

Ave rag e c ur r e nt , 

A 

R.M.S. of fluctuations, 
A 

1 

0.500 

0.057 

2 

0.500 

0.058 

3 

0.490 

0.056 

4 

0.505 

0.062 

5 

0.500 

0.058 

6 

0.495 

0.057 

7 

0.495 

0.057 

8 

0.500 

0.055 

9 

0.505 

0.057 

10 

0.50 

0.057 

Mean 

0.499 

0.0575 

Standard 

deviation 

0.004 

0.002 
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contributes a maximum error of about 2.5 pet. in the mass 
transfer coefficient values and 7.5 pet. in the shear stress 
values. 

As mentioned in Chapter 2, electrode diameters 
were measured under the microscope using a calibrated eye- 
piece and were accurate within 1 pet. This would contribute 
an error of 2 pet, in the mass transfer coefficient values 
and 5 pet. in the shear stress values. 

Hence, the total random error in the measurement of 
the mass transfer coefficients is within about 4.5 pet. It 
v/ould be within o,bout 12.5 pet. in the mriasuremont of shear 
stresses. 

Apart from these, systematic errors were contri- 
buted to by uncertainties in the values of IjP-i, C^ and the 
constant in Hq, 3.3. As can bo seen in Appendix II, the 
errors in the values of D, and are 5 pet, 1 pet and 

1 pet respectively. These would contribute an error of 1 pet 
in mass trajasfer coefficient values and 14 pet in shear srress 
values. 

Experiments were conducted to ascertain whether 
the water flow in the -vessel when blo?/ing with a centrally 
located tuyere was axially symmetric or not. The tuyere 
employed in these experiments was of 0,325 cm diameter and 
was flush with the bottom of the vessel (Eigure 2.5a). 
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tiGight of the ?/at 0 r bath was 40 cm.., The flow rate of air 
was varied betw'oen 50 and 100 liters/min. There was no 
shrouding. Shear stresses were measured at the bottom along 
two radii orthogonal to one another. The results are plotted 
in Figure 3.3 • It is evident from the plox tha,t the shear 
str.ess values along the two radii matched well within the 
experimental errors mentioned above. Therefore, the flow 
was toi^on to be axially symmetric and all consequent measure- 
ments were done along a single radius only. 

3.2. FL0¥ VISUillZATIOF 

Tho flov/ patterns in the vessel when blowing with 
a single tuyere v^^ere visualised with' the help of the slit- 
lighting arrangement shown in Figure 2.21. Particles of dust 
and polystyrene beads were employed as tracers in these 
visual observations. Some streak photographs wero also taken 
using polystyrene beads. Figure 3.4 shows two such photographs 
of streak lines near the bottom for high and low flow rates 
of aiir. Based on these photographs and the visual obser- 
vations, tho general flow patterns were obta,ined and are 
shown in Figure 3.5. The stream surfaces v/ere torus-shaped 
with tho liquid going up in the inner region and coming down 
in the outer region. Yelocitios along the free surface at 
the top and the top part of the sidewall wore quite high. 



, dynes/cm 



Fig. 3.3 Log -log plot of average shear stress f at the 
bottom vs the radial distance r from the tuyere 
axis in experiment with a single tuyere. The 
unfilled and the filled symbols stand for measure- 
ment along two radii orthogonal to each other; 
dj = 0.325 cm , I = 0 , Qg ' h = 40 cm.' 





Piguro 3.4. 


Photographs showing the streak linos near the 
bottom in experiments with a single tuyere 5 


= 0.6 

0.25 sec 


0.65 cm, h 


0.25 sec I a) Qj = 200 
b) Q. = 50 liters/min 


40 cm, time of 
200 litei*s/min, 


exposure - 
and 
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Noar the bottom, the liquid velocity had a downward component 
at points far from the tuyere and an upward component near 
the tuyoro. There was a small region in between whore the 
flow of the liquid was parallel to the bottom surface. This 
rogion v/as nearer to the tuyere at high flow rates of air 
and moved away as the flow rate was decreased. There was 
some secondary recirculation near the corner where the side- 
wall meets the bottom. ' 

Time exposure photographs Virere taloen of the gas 

jet noex the tuyere exit in single tuyere experiments. 

figure 3.6 is one such photograph for time of exposure 1 sec. 

The tuyere diameter d. was 0.65 cm and the flow rate of air 

(] 

* 

Q. Was 100 liters/min. There was neither any shrouding 

t] 

« 

(Q^ = O) nor any projection of the tuyoro (1 = 0) into the 
vessel. The jet cone angle was measured from these photo- 
graphs and was found to be 20° + 2°. This compares well with 

19 31 

the vn.lues reported in the literature. ’ 

Movie photographs of the jet were taken at 64 
frames per second speed. A series of photographs are 
reproduced in figure 3.7. As can be seen the jot as it came 
out of the tuyere oscillated vigorously; it seems as thoiagh 
the jet consisted of a series of gas pulses discharged 
rapidly into the liquid. This instability is probably due 
to the large difference in density between the gas and the 
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Figure 3.6. Time exposure photograph of 
time of exposure - 1 see. 





liq_uid.» This hind of bohaTiour havo boon obssrvod by obhor 
19 20 

workers also. ’ 

3.3. GAS MIXING IN EXPERIMENTS Y»ITH SINGLE TUYERE 


Experimental conditions for study of the mixing 
of two coaxial gas jets submerged in water are presented in 
Table 3.2. 


Table 3.2 

Experimental Conditions in Gas Mixing Studies 


Height of the water bath 
DiojmGtor of the v/ater bath 
Diameter of the inner pipe 
Thickness of the annulus 
Plow rate of air 

Plovi^ rate of carbon dioxide 

Sampling 
from the 

Tuyere 


= h = 40 cm 

= d^ = 48 cm ■ 

= d . = 0.65 cm 

= t = 0.075 cm 
s 

= Q . =50, 100 and 150 

liters/min. 

= Qqq = 5, 10 and of 
= z = 1 , 3 , and 5 cm 


distance downstream 
tuyere exit 

placed axially in the cylindrical Tessol 


Tables of results for the detormination of concen- 
tration profiles at various z values are listed in Ippciidix 
A3 . 1 . Some of the concentro,tion profiles are shown in 


Figures 3.8 to 3.12. 





average 


Centre of the 
annulus 


Radial distance from tuyere axis, mm 

Fig. 3.8 Concentration profile at a distance of 1 ( 
downstream from the tuyere exit} QrQ,= 
5 pet of Qqiv - 


o 150 l/m 
X 100 l/m 
o 50 l/m 
z-1 cm 

V „ average 


Centre of the 
annulus 


Radial distance from tuyere axis, mm 

3.9 Concentration profile at a distance of 1 cm 
down stream from the tuyere exit; 

10 pet of Qqiy. 



^ average 


Centre of the 
annulus 


Radial distance fronn tuyere axis,nnm 


Fig. 3.10 Concentration profile at a distance of 
1 cm downstream from the tuyere exit 

Qrn--15 pet of Q„ir 




0 150 l/m 
X 100 l/m 
□ 50 l/m 
z = 3 cm 

Centre of the 
, / annulus 


average 


0 150 l/m 
X 100 l/m 
0 50 l/m 
z : 5 cm 

Centre of the 
, /annulus 


Radial distance from tuyere axis, mm 

Fig 3.12 Concentration profile at a distance of 
5 cm downstream from the tuyere exi 
(ipQ = 10 pet of Qq,y . 


TOO 


It is evident from figures 3.8 to 3.12 that the 
coiicentxvition of fxir was appreciable oven at the jet/wator 
interface- This was true even when z was small (i.e., z = 

1 cm). It iHGoiis uiiac OO 2 introduced through the annulus was 
inoffoctivo in prevonting air from coming into contact with 
water surrounding the jot even veiy near the tuyere exit. 

This behaviour can be explained on the basis of the movie 
photographs shown in Figure 3.7. The inner jet as it comes 
out of the tuyere is oscillating laterally and at times 
expands to o-bout three tuyere diometors. This mahos it spread 
beyond the shrouding jet. 

Figures 3.8 to 3.10 present pet. CO^ in the jet 
n.s a function of radial distraice from the oocis for various 
flow rates of air (Q^- ) and various rn.tios of flow rates of 

Cul X* 

« 0 

C0„ and air /Q. z = 1 cm. It may be noted that 

at a fixed Q^jq the profiles are independent of 

The dynamics of the mixing process very near the tuyore is, 
therefore, not significantly affected by the absolute values 
of the flow rates of the two gases, but only by their relative 

ma^griitudes. At greater distances downstreen however the 

* 

profiles did change with change in (Figures 3.11 and 

3 . 12 ). 

The three curves, Figures 3.8 to 3.10j are ■ 
plotted together in Figure 3.13 which shows the variation 
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of the normalised concentration of carbon dioxide with 

radial distance for various ^^Q 02 ^^air^' the normalised 

concentration is defined as 



pet. COg 


Qqo 


air 


3.4 


It may be noted that the maximum concentration was always 
found just above the annulus. This indicates that the carbon 
dioxide jet was not significantly deflected by the presence 
of the air jet. 

■¥r * * 

Dependence of maximum on the ratio 0^^ /*^a,ir 

is shown in Figure 3.14. In the range studied, the relation- 
ship is linear and is given as; 


(C 


CO 


2 max 


= 5.5 


“ 00 . 


Q . 

air 


+ 1.15 


3.5 


If there is no interaction between the jets, i.e., if the 
final concentration profile is obtained by a summation of 

the two undisturbed jet profiles one through the inner pipe 

,, * 

and the other through the annulus, the maxima in C^q should 

• • , 2 ■ 

have been independent of (Qqq /*^air^ *^air* 

is because of the fact that for a planar turbulent jet, to 
which the thin annular jet can be approximated, the velocity 
at any point is proportional to the square root of the jet 
momontum^*^, and therefore, the maximum velocity is proportional 




% 

Fig, 3,13 Plots of normalised concentration Cqq^ vs 
dimensionless distance from the tuyere 
axis at a distance of 1 cm downstream 
from the tuyere. 




uepenaenc 
z = 1 cm on 


epcndcnce of the 
t tuyere axis on 
ie tuyere. 
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t;o "blie flow rale. The depeiiderico giTer in Eq. 3*5 can 
be explained with a better knowledge of annular gas jets 
submerged in licjuid. 


The plot 01 normalised axial concentration vs. 

the dimensionless axial distance from the tuyere exit (z/d.) 

3 

is shown in Eiguro 3.15. As may be noted, mixing ?/as almost 
complote at z/d^ » 7 for = 50 liters/min. However, for 

A 

Q = 150 litors/iTiin. y the point at which the two gases were 
j 


completely mixed was farther downstream 



10). 


3.4. MBASURSIvIENTS OE IIASS TRAHSEER OOEEEICnillT ME WAIi 
SHEAR STKESS II EXPERIlvEITS WITH SIIGIS TUYERE 


The experimental conditions employed in the 
measuromont of mass transfer coefficient and wall shear stress 
along the bottom and the sidewall of tho cylindrical vessel 
with a centrally placed single coaxial tuyere are presented 
ill Ta.blo 3*5. 

Results of the measurements of the average values 
and tho rms values of the fluctuations of the mass transfer 
coefficiont and the wall shear stress for experiments with 
single tuyere are presented in Appendix III, Table A3. 2. 
Table A3. 2a gives the results along the bottom and the 
sidewalls for tho experiment in which Qg = 0 , 1 = 0 and 
h = 40 cm. It was found, while varying 1 and Qg/(Qg + Qpj 
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Table 3.3 

in Measurements of 

v\ gJ-I SiiOtUP Stjposs Using Singlo Tuyons 


Hoight of the water bath 
Diameter of the water bath 
Diameter of the inner pipe 
Thickness of the annulus 
Projection of the inner pipe 
Total flow rate of air 

Percent of air blown through 
the annulus 


= h = 40, 30 and 20 cm 
= d^ = 48 cm 
= d. = 0,65 cm, 

J 

= t = 0.075 cm 

= 1 = 0, d . and 2d . 

= + Q. =50, ,100, 150 and 

200 liters/min. 

^s 

= ^ X 100 = 0, 5 and 10 


The tuyere was placed axially in the cylindrical vessel 
Electrode positions are shown in figure 2.19. 


that the effect of these parameters at the electrodes along 
the sidewall and on the bottom far from the tuyere was not 
perceptible. Hence the results of experiments at electrodes 
with negligible change from those presented in Table A3. 2a 
are not given in the succeeding tables. It is just mentioned 
that they are similar to those in Table A3. 2a. 

The values of the average mass coefficient k and 
the rms values of the fluctua-tions Vk' a.re presented only 
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in Tablo A3. 2a. As k and v^k'^ aro simply related to the 

avuro,^^' shooir sbrjosG t and the rms of the fluctuations in 

/ 2 

shear stress >/ r ' through Eqs. 2.10, 2.13-2.15. Iho 
discussions of tlio wall shear stress would qualitatively hold 
for the mass transfer coefficients also. Hence the mass 
transfer coofficienb values have not been given for the rest 
of the oxperinents. 


3.4.1. Oenoral Observations 


The variation of the wall shear stress along the 

• • 

bottom at various total flow rates of air (Q. + Q ) aro 
plotted for some of the experiments in figures 3.16 to 3.18. 


figure 3.16 corresponds to Table A3. 2a where l/d . = 0, 

Q , = 0 and h = 40 cm. The result of the experiment in which 

s 

o • » 

Q/(Q + Q.)=0.1is shov/n in figure 3.17. In figure 3.18 
s s 3 

is shown the consequence of projecting the tuyere to a 
distance of 2d^ (i.e., 1/d^ = 2). 


The first thing that is quite apparent in these 
plots is thi; similarity of behaviour of both the averago value 
of the shear stress r and the ms value of its fluctuations 


T ' 


relation 


It v/as felt that the two may be related by a simple 
which is characteristic of the system. Hence'^'t' 


was plottod against r, as shown in figure 3.19. It can be 
seen thatslT'^is directly proportional to A least square 
fit of this curvG gave the following expression 



r, cm 



Variation of average shear stress r a 
of fluctuations in shear stress /J^witl 
from the tuyere axis in experiments 
§v:aad ^ h. ^ = 4 0 c m 




9- 3.17 Variation of the average shear stress r and rms value 

of fluctuations in shear stress with radial distance 
r from the tuyere axis in experiments with single 
tuyere: l/d, =0, Qe/(Q.-Q;} = 0.1 and h= 40 cm. 











Ill 


/=i . _ 

v- T^' = 0.40 T 3^g 

The standard doviatioii in the value of the slope is 1.1 pet. 

Figure 3.20 shows two typical oscilloscope traces 
of the fluctuations in current. These fluctuations are 
obviously duo to the fluctuations in the na-ss transfer coeff- 
icient and the wall shear stress. The photograph of the 
oscilloscope trace for electrode that is closest to the 
tuyere is presoritod in Figure 3.20a. Figure 3.20b corresponds 
to electrode which is farthest from the tuyere. It can 
be soon froia those photographs that the density of high 
frequency fluctuations is large at electrode B. and is alnost 
absent at electrode B^. This seems to indicate that the high 
frequoncy flow fluctuations that are generated at the jet- 
wator interface are dissipated in the liquid and the density 
of those fluctuations decreases as the distance from the jet 
iiicroasoG. 


Because of the straight line relationship between 
\/t'^ mid v" , correlations and discussion have been restricted 
to the nvux'cige shear stress x . All' these interpretations 
would, hov/over, hold equally well fo r the rms values of 
the fluctuations in shear stress^^x'y only difference being 
the changes in the numerical values of the constants. 
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O'Ooevt-^ 

0'5’S 


Piguro 3.20. Oscillograms of fluctuations in current at 
a) oloctrodo and b) eloctrodc 
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The variations of log x with the log of the 
rali^-"l iiisfca.i,icc r of cno oloctrode froin the tuyere axiSj at 
various flov/ rates of air aro plotted in Figures 3.21 and 3.22. 
Figure 3 *21 depicts the' situation when the hath height was 
40 cm and Figure .22 when it was 30 cm;. It is evident 
thab the slopes of the curves at any air flow rate vary ?/ith 
r. Such a behaviour can be explained lua-litatively ?/ith the 
help of the flow pattern shown in Figure 3.5 as follov/s, 

V/he,ii the- fluid flow is pa,rallel to a solid surface 
and is converging tov/ards an axis perpendicular to the surface, 
the shear stress at the wall is expected to vary inv-ersely 
as the distance r fron the axis. This is duo to the fact 
that as r incroasos, radial velocity v^, decreases in 
magnitude because of the increasing area of cross-section for 
the flow, Ghiat is, if 

X < r^ 3.7 

X = 1 for parallel flow. If the flow direction is towards 
the surface, as is the case near the bottom depicted in 
Figure 3.5a, x will bo greater than 1 (from continuity 
considerations). If the flow is away from the bottom surf acAj 
as in the rogioii close to the tuyere in Figure 3.5b, x v\?ill 
bo less than 1. Comparison of Figures 3.21 and 3.22 witn 
Figure 3.5 demonstrates the fact that the bo-haviour observed 
is in accordarico with the above explanation. That is, the 




Log- log plot of average wall shear stre 
vs the radial distance r from the tuyere 
for experiments with single tuyere; 
l/d; : 0 , Qc = 0 and h = 40 cm . 




, dynes/cm 



Fig. 3.22 Log-iog plot of average wall shear stress f vs 
the radial distance r from the tuyere axis for 
experiments with single tuyere,- 
l/d: = 0 , Q. = 0 and h = 30 cm. 
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point; ab which x is equal to 1, i.e., the flow is parallel 
to the botton, moves towards the axis of the tuyere as the 
air flow rabo is incroasod from 50 liters/min to 200 litois/ 
min. 

A]iothor interosting consequence of tho type of 
behaviour of tho flow explained above is the increase of 
shear stress as tho total flow rate of air decreases at the 
elect rodos far from tho tuyere. This is readily seen in 
fables A3. 2a, A3.2i and A3. 21 and the figures 3.16 to 3.19, 

It co.n bo seen from the tables that the shear 

str;,jri!3 Icvol at all tho electrodes along the bottom decreases 

as the height of tho water bath decreases from 40 cm to 

20 cm* At oloctrodo (tho electrode closest to the tuyere) 

tho shear stress decroasos as tho length of projection of 

the tuyere 1 increases at constant Q and Q., Increasing 

s J 

• # • 0 . • 

Q /(Q + Q.) at constant (Q + Q.) and 1 has a similcj? 
s'^ ^ D j s g 

effect at . At other electrodes, however, the off acts of 
incroG-sing 1 and Q^y(Q^ + Q^) are not perceptible. 

Correlations between the process variables have 

boon obtained for the electrode B^ and are discussed in 

♦ ♦ ■ • ^ 

Section 3.4.2. As the effects of 1 and + Qj) are . 

not perceptible at electrodes B^ to B^, no further onaly sis 
of the results at those electrodes has been attempted. 
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3.4.2. Dmunsioiiloss Correlation 

l-niQii a gas is blown into a liquid, nonontun put 

•jid .2 

into the liquid por unit time is equal to — 1- -f)^ 

■ D 4 , <? 3 

whoro is the nean Telocity of the jet at tuyere exit and 

is its density. This momentum is transferred to the walls. 

If T is the sheox stress at any point on the wall, / r lA is 

A 

the total inomentum transferred to the walls. Thurofore, a 
quc.rit ity like ( ^2 ^ charact erizc the system. 

J J ^ J 

As d-v and d . woru not varied in the present work, the 
e (3 

dinonsionloss number /( which corresponds to the 

J J 

Euler ;;iui.iber, that is. 




3.7 


nay bo accepted as a pertinent dimensionless group for 


cerrcln,tion purposes. 

Gravitational effects, like buoyancy, arc 
expressed by the modified Eroude number, , defined as 


N 


Er’ 




gh - 



3.8 


where 

g = acceloration due to gravity 
h = height of the bath 
and = density of the liquid. 
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Ho3?g li is ohoo'j.i ns thci ch.o.x'ac'fcGrisijic Isiigih. in pnofcrsnco 
to because wo arc ini crested in the charonteristics of 
the bath notion rather than those of the jet. In addition 
to thabj liho Lioi.icntui-i contributod by the shrouding gasj which 
is an order of riagnitudo less than that contributed by the 
jot gas, has been ignored in those calculations. It is 
expected that should decrease as increases, as the 

gravitational uffects are snail for large • 

Values of and fen the various sets of 

results are prosontod in Appendix IV. Figures 3.23 to 3.. 25 
arc plots of the dapondonce of on Ej,^,. It is evident 

that, in the range of investigation, log is linearly 
related to log E^^,,, i.o., 

E^ = a . eJ 3.9 


Bu 


whore a and b arc constants. 

One int ore sting foa,turc to be noted in those plots 

is that for a given and h, the points are on the sano 

0 • • ♦ 

str light line for various values of Qg/(Qgr + Qj) upto a 
value of 0.1 for the latter. This seons to indicate that 
the door ease in the shear stress when a snail part of the 
gas is diverted through the annular space is only duu uo 
the dccroasod anount of nomentun input into the system. 
Therefore, total iioncntum input into the, syston is the mjor 




Variation of Euler number with modified 
Froude number Np^’ tn experiments with single 
tuyere ; h = 40 cm. 



Variation of Euler number N 
nn,odified Froude number Npr 
experiments with single tuye 
h = 30 cm. 







criteria in deternining the shear stress distribution along 
the wall. 


The paraiiGtors a and b for the various lines in 
Figures 3.23 to 3.25 are presented in Table 3.4. 


Table 3.4 

Parmioters 'a' and 'b' in Eq. 3.9 for Various 
Exporinental Conditions 


h, 

era, 

i/a^ 

a. X 10 ^ 

b 

40 

0 

7.93 

- 0.58 

40 

1 

6.90 

- 0.65 

40 

2 

5.90 

- 0.77 

30 

0 

6.22 

- 0.61 

30 

2 

5.28 

-0.62 

20 

0 

7.09 

-0.62 


As nay be seen fron the above table, the 
paraneter 'a', which is tho value of at =1, 

docreasGS a,s l/d. increases. Similarly, the magnitude of 
the slope b increases with increasing Effect of the 

variation of the bath height on these pa.ranoters is not 


clear. 
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3.5. 


I/LBASUEEMTS 01 SHEiffi STEESS II 

ERJLTIPIE lUYEEES 


EKPEHIMEHS I/IIH 


The exp e rime utial parameters in experiments with 
multiple tuyeres are presented in Table 3.5. 


Table 3.5 

Experimental Parameters in Measurements of Wall 
Shear Stress Using Multiple Tuyeres 


Height of the water bath 
Diameter of the water bath 
Diameter of the tuyere 
Projection of the tuyere 
Plow rate of air 

lumber of tuyeres employed 

The tuyere 
in Table 3.6 
2 . 20 . 


= h = 40 cm 
= = 48 cm; 

= d. = 0.325 cm- 

J 

=1=0 and 4d . 

J 

= Q. = varied between 150 and 
^ 350 liters/min. 

= 3, 6 and 12 in symmetric 
and asymmetric configu- 
rations 


positions are indicated along with the results 
The electrode positions are shown in Figure 


Results of the measurement of the average shear 
stress T and the rms value of the fluctuations in shear 
stress/v' ^ are tabulated in Appendix III, Tables A3«3. 
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ArrsnS'GniGi'it of "bliB rBsulfs in ■tliBso tiablss and ihe nspnGsen— 
tation of those in tho figures for the various experiments 
aro presented in Table 3.6. 


Table 3.6 

Prosontation of the Results of the Experiments 
with Multiple Tuyeres 


No, of 
tuyeres 

Tuyero positions 
(Refer Figure 2.3) 

1 - 

Symmetric or 
asymmetric 

1 

d. 

3 

? 

'It able 
|No. in 
! Appendix 

Figure 

No. 

3 

1, 2, 5 

Symmetric 

0 

A3. 3 a 

3.26 

3 

1, 2, 5 

Symmetric 

4 

A3. 3b 

3.27 

3 

1, 2, 12 

Asymmetric 

4 

A3. 3c 

3 .28 

6 

13, 15, 17, 19, 21, 

23 

Symmetric 

4 

A3. 3d 

3.29 

6 

27, 14, 16, 24, 1, 

30 

Asymmetric 

0 

A3.5e 

3.50 

6 

27, 14, 16, 24, 1, 

30 

Asymmetric 

4 

A3.5f 

3.51 

12 

13, 15, 17, 19, 21, 
23, 2, 3, 4, 5, 6, 7 

Symmetric 

4 

A3.3g 

5.52 


As in the case of experiments with sing:^tuyGre 

/ r2 

the rms value of the fluctuations in shear stressVT was 
found to ho proportional to the average shear strs-ss v? i,e 



, dynes/cm 



Fig. 3.26a Variation of the average shear stress r at 
the bottom with the radial distace r from 
the vessel axis when blowing with three 
symmetrically placed tuyeres; l/dp 0. The 
circle at the top right corner indicates the 
radius along which the measurements were 
made. 



, dynes/cm 




Fig. 3.27q 


Variation of the average shear stress f at 
the bottom with the radial distance r from 
the vessel axis when blowing with three 
symmetrically placed tuyeres; l/dj = 4. The 
circle at the top right corner indicates the 
radius along which the measurements were 


3,0 




, j , 

o 300 l/m 
o 200 t/m 


Variation of the average shear stress f at 
the bottom with the radial distace r from 
the vessel axis when- blowing with three 
symmetrically placed tuyeres; l/d^ = 4 The 
circle at the top right corner indicates the 
radius along which the measurements were 
made. 



300 l / m 

200 l/rr.. 


qe shear stress t qi me L.m 
:e r from the vessel axis vi/he 
ymmetrically placed tuyeres i 
the top right corner indicate 
hirh the measurements were 


dynes/cm' 



Fig. 3,28 b 



Fiq. 3,29 a Variation of the average shear stress r at 
the bottom with the radial distance r from 
the vessel axis when blowing with six 
symmetrically placed tuyeres; l/dj = 4. The 
circle at the top right corner indicates the 
radius along which the measurements were 

made, 


I 


, dynes/cm 


0,2 

0,1 

c 

Fig. 3.29 b 



Variation of the average shear stress t at 
the bottom with the radial distance r from 
the vessel axis when blowing with six 
symmetrically placed tuyeres-, l/dj = 4 , The 
circle at the top right corner indicates the 
radius along which the measurements were 






o 300 t/m 
□ 200 I /m 


3,30a Variation of the average shear stress f at the bottom 
w'ith the radial distance r from the vessel axis when 
blowing with six asymmetrically placed tuyeres-, l/d, : 
The circle at the top right corner indicates the diamet 
alona which the measurements were made. 


, dynes/cr 





ig, 3 30b Variation of the average shear stress r qt 
the bottom with the radial distance r fronr 
the vessel axis when blowing with six 
asjymmetrically placed tuyeres, l/dj=0. The 
circle at the top right corner indicates the 
radius along which the mcasurcrnents we 


24 18 12 6 0 6 12 18 24 

r, cm 

Fig. 3.31a Variation of the average shear stress r at the bottom 
with the radial distace r from the vessel axis when 
blowing with six asymmetrically placed tuyeresj l/d| = 4, 
The circle at the top right corner indicates the diameter 
along which the measurements were made. 



dynes /cm^ 



Fig. 3.31b Variation of the average sheaf stress r 
at the bottom with the radial distance r 
from the vessel axis when blowing with 
six asymmetrically placed tuyeres, l/dj = 4. 
The circle at the top right corner indicates 
the radius along which the measurements 
were made. 



Fig- 3^32 


12 16 20 24 
r, cm 

Variation of the average shear stress f at the 
bottom with the radial distance r from the vessel 
axis when blowing with twelve symmetrically placed 
tuyeres; l/d--- 4^ The circle at the top right corner 

indicates the radius along which the measurements 

were made. 
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C T 


3.10 


The constant of proportionality c, however, ¥/as fouM to be 
different from that given in Sq, 5.6. Tho values of c for 
the various tuyoro arrangements axe listed in Table 3.7. 


Table 3.7 

Values of the Constant of Proportionality c in 
Eq. 3.10 for Various Tuyere Configurations 


Fo. of tuyeres Configuration c 


3 

Symmetric 

0.48 

3 

Asymmetric 

0.39 

6 

Symmetric 

0.53 

6 

Asymmetric 

0.42 

12 

Symmetric 

0.33 


Some of the characteristics of the flow in 
experiments v/ith symmetrically placed tuyeres are similar to 
those in single tuyere experiments. With symmetrically 
placed tuyeres, tho shear stress was large near tho axis 
of the vessel and tapered off towards the sides. However, 
it should be noted (see Eigures 3.16, 3.26, 3.29 and 3.32) 
that the tapering off was less pronoimced as the number of 
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tuyeres increased. Mother common feature that is evident 
was the increase of shear stress at points far from the axis 
as the air flov? rate was decreased. The reasons for such 
behaviour are probably similar to those given in connection 
with experiments with single tuyere based on the visualization 
of the flovf patterns. The system with multiple tuyeres was, 
however, not amenable to flow visualization. 

An important observation to be xaade with 
symmetrically placed tuyeres is the remarkable decrease in 
the level of shear stress all over the bottom as the number 
of tuyeres increased from one to twelve, as is evident from 
Figures 3.26, 3.29 end 3.32, With larger ntmiber of tuyeres, 
the fluid flow was, probably, restricted to the upper parts 
of the bath to a great extent resulting in lower shear stress 
a.t the bottom. 

In asymmetric arrangements of tuyeres, the shear 
stress level was higher than that obtained with symmetric 
configurations. This is evident on comparing Figure 3.27 
with Figure 3.28 and Figure 3.29 with Figure 3.31. This is 
to be expected because of the increa.sed circulation with 
asymmetrically planed tuyeres. 

Shear stress at the bottom, noa.r the axis of 
the vessel comes down sharply to a low level \7ith both three 
ai'id six tuyeres, when they arc distributed asymmetrically on 
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one half of the bottom. No explanation for this is being 
attempted at this time. 

Influence of projecting the tuQ^'ores into the 
vessel to a distance of 4d . on shear stress was not uniform 
in experiments with symmetrically planed tuyeres. Iherc wa.s 
a general lowering of shear stress in experiments ?/ith six 
asymmetiacally placed tuyeres. 

3.6. INfEHENCE ON BOTTOM EEERACTORY ’lEAR FROM THE PRESENT 
INVESTIGATION 

Refractory woa.rj as discussed in Chapter 1 , is a 
complex phenomenon arising from thermal, chemical and 
mechanical effects. The present investigation is a model 
study yielding results on certain mechanical aspects arising 
out of fluid flow. Therefore, it is not possible to infer 
about bottom refractory wear in a comprehensive fashion. 
Predictions and comments made belov/ have to be examined in 
this light, 

# 

3.6,1, Mixing of Gases in Coaxial Jets 

(a) According to the results of the present investi- 
gation, tho shrouding gas in the OBM process is ineffective 
in physically shielding tho liquid metal from tho oxygen 
stream. Hence highly exothermic refining reactions should 
bo taking place right next to the tuyere itself. The effect 
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of the shrouding gas is therefore mainly thermal. It cools 
down the tuyorc zone on endothermic cracking, 

(h) In toims of the dynamics of jet mixing, the ratio 
of Qg/Q^ is the important one. As long as this ratio is kept 
constant, the flow rate -of oxygen can be increased without 
disturbing the jot mixing patterns, and hence, probably the 
effectiTsness of the shrouding gas. 

3.6.2, Measurements of Shear Stress 

As discussed in Chapter 1, general refra.ctory 
wear is a corrosion-erosion phenomenon (apart from spalling 
due to thermal shocks). Ihe corrosion of the rofra.ctoiy 
should bo onha.ncod by the increa.so of the mass transfer 
coefficient k. The average shear stress x and xho fluctu- 
ations T' ill shear stress should both determine the mechanical 
erosion. All these three pa.rametors, viz. k, x and t’ , arc 
related to each other according to Bqs. 2.10 and 3.6. That 
is, 

_ _•:? 

and t/ t' c< T 

Therofoi'o, any one of those pa,ramotors can be used to 
characterize general refractory wean by corrosion-erosion 
mechanism, for example, an iiicroasc in x means increase of 
k andJ x''^. Therefore, erosion as well as c erosion v/ould bo 
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unhancocl. This doas not taka into eonsidaration ar^ flm 
irragularities such a,s vortox flow or secondary recircu- 
lations ¥/hich in£3y cause localised enhancemont of v/oar. 

HowaTor, as mentioned earlier, the bottom 
refractory T/ear in the bottom-blown oxygen steeliaaking 
processes has boon found to bo more or loss uniform and not 
localized around tho tuyeres as in the Bessemer convertors. 
Therefore, discussion in terms of overall wear of tho bottom 
are not out of place. Certain predictions bo.sod on shear 
stress meesuroments in the present investigation on multi- 
tuyere bottom arc noted belov;. As the shear stress did not 
riso appreciably near tho tuyeres, tho issue of spatial 
distribution of shear stress over the bottom vis-a-vis 
locations of tuyeres is going to be ignored. Discussion 
would bo centered around changes in general shear stress level 
a.s process pararoters are altered. 

(ci) Shear stress at the bottom is mainly 
dependent on the momentun input into the system. It is, 
therefore, G,dvisablo to use as large a diameter of tuyeres 
a.s pernissible from other considerations, so that the 
momentum input can bo kept as low a,s possible. By tho same 
argument, increasing tho amount of shrouding gas like using 
coke oven gas in the place of propone, does not increase tho 
shear stress level at the bottom, if the velocity of the 
shrouding gas at tho tuyere exit is kept low. 


143 


(b) Asymmetric arrangement of tijyerGs increases 
the shear stress as compared to those with symnotric 
arrangements. Hence, tho refractory wear is expocted to be 
more with an asymmotric arrangement of tuyeres. 

(c) It is better to hsiiTG a greater nunbjr of 
tuyeres for a given oxiount of gp.s blown to lower tho rate of 
bottom wear, 

(d) Projecting the tuyeres into tho b£.th does not 
seom to bo of significant help in symmetric arrangement of 
tuyeroB. If, however, asymmetric arrangement of tuyeres is 
chosen, it nay be advantageous to project the tuyeres into 
tho bath. 
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SUMilAEY MD COIGIiUSIOFS 

A room temperature model study of bottom-blown 
oxygen steelmalcing processes was undertaken with a Tiev/ to 
understand certain aspects of the dynamics of the process 
with special reference to bottom refractory wear. Water 
simulated the hot metal in this investigation. The investi- 
gation consisted of two parts: 

a) Experiments with single tuyere 

b) Experiments v/ith multiple tuyeres, 

A cylindrical perspex vessel of 48 cm i.d, and 

65 cm height was used as the simulation vessel. In the 

experiments v/ith single tuyeres, the tuyere consisted of 

two coaxial pipes ^ the gas blov/n through the inner pipe 

simulated oxygen of the bottom-blown processes and the gas 

introduced through the annular space between the two pipes 

simulated the shrouding gas. The inner pipe diameter (d.) 

D 

Was 0,65 cm and tho annulus thickness v/as 0.075 cm. The 
inner jet pipe could bo positioned to any desired extent 
of projection into the vessel. The tuyeres used in experi- 
ments with multiple tuyeres were simple tubes fitted into 
the bottom. 
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The study with single tuyere consisted, of tY#o 
sub-sections: 

i) Study of mixing of gases in two coaxial jets 
submerged in water employing air to simulate oaygcn and 
carbon dioxide to simulate the shrouding gas. 

ii) Measurement of mass transfer coefficients 
and shear stresses at the bottom due to the flow of liquid 
employing air to simulate both oxygen and the shx-ouding gas. 

In the first sub-section profiles of concentration 

of carbon dioxide at heights of 1 cm, 3 cm and 5 cm from the 

tu 3 ^Gre exit ¥/ere obtained by analysing the gas mixture at 

several points across a cross section using a gas-chromato- 

graph. Three flow rates of air were employed, viz., 

50, 100 and 150 liters/min. The ratio of the flow rate of 

* * 

carbon dioxide that of air (Q - ) was between 0.05 

OOg air 

and 0.15. 

In the second sub-section of the study with single 
tuyere, the average value and the rms value of the fluctu- 
ations of the mass transfer coefficient and the wall shear 
stress YiQTQ measured along the bottom using the electro- 
chemica,! technique. Total flow rate of air in these 
experiments was varied between 50 and 200 liters/min. The 
effect of the shrouding gas was studied by passing 0, 5 and 
10 pet. of the total flow through the annulus. The extent 



of projection of the innor pipe was 0; d. . and 2d. and the 

t] J 

height of the water bath was 20, 30 and 40 cm. 

flov? of water when blowing with a single tujore 
was visualized using particles of dust and polystyrene beads 
as tracers. Some photographs of the strcaJc-lines v/cre also 
taken to obtain the general flow pattern, lime exposure 
photographs and movie were taken of the jet to understand 
the jet behaviour. 

In the second part of the v/oik, experiments were . 
conducted with 3, 6 and 12 tuyeres of 0.32 cm i.d. with 
flovi? routes of air varying betv/oen 150 and 340 litors/minute. 
luyox'os were placed in symmetric and asymmetric configurations. 

From these measurements, the following conclusion s 

v/ere dre.wns 

(l ) The stream surfaces v/ero torus-shaped with 
the liquid coming down along thw‘ outer region and going up 
in the axial region in single tuyere experiments. There was some 
s:.'Coiidax:^^ recirculation near the bottom of the sidewc.lls. 

(2) The jet oscillated vigorously as it 
onorged out of the tuyere. The jot cone angle ws.s found 
to bo 20 + 2° and compared well with the values reported 
in literature for the air-viator system. 

(3) The shrouding gas was ineffective in 
physically shielding the liquid from the inner jet streaie. 
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(4) T ho maxima in the prof ile of tho iiomalizad 
cone oat rat ion of carbon dioxide at z = 1 cm occurred just 
above the annulus, indicating that the annular jet is not 
significantly dcflocted by the presence of the inner jet. 

The profile was independent of Q at anj'' fixed Q,-,^ 

ciXx ^^2 

and varied linearly with /Q., ■ 

w U 2 LtX i 

(5) fhe two jets wore completely mixed before 
they reached a distance of 7 to 10 d. from the tuyere exit. 
Ihe distance at which complete nixing took place was greater 
for larger Qqq • 

(6) The wall shear stress decreased sharply as 
the radial distance from the tuyere axis increased in 
experiments v/ith single tuyere. As the flow rate of air 
was decreased, the value of the shear stress decreased at 
points near the tuyere; at la.rgGr distances from the tuyere, 
however, the opposite behaviour was observed. 

(7) The rms value of fluctuations in shear 
stress was found tc bo proportional to tho average shear 
stress in both single end multiple tuyere experiments. The 
proportionality constant, however, was different for 
different numbers of tuyeres and their configurations, 

(8) At points along the sidewall and at points 

far from the tuyere axis in experiments with a single 

• « * 

tuyere, the effect of snd Q^/(Qg were not 

perceptible. At the electrode nearest to tho tuyere axis, 
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the shear stress decreased as l/d . or Q /(Q + Q.) increased 

d s s 3 

at constant (Q + Q.). As the height of the water bath 

S3 

decreased, the level of shear stress also decreased all 


along the bottom. 


(9) At the point nearest to the tuyere, the 
following relation was observed botv/cen the Euler number, 
and the modified Eroude number, 




f 


where 'a' and 'b' were functions of the process pararaoters. 

It was observed that the momentum of thejot is of great 
importance as compeared to the total volume of the gas 
introduced in determining the flow of the liquid in the 
vessel. 

(10) As the number of symmetrically placed 
tuyeres increased, the level of shear stress along the bottom 
decreased significantly at any given flow rate of air. 
Asymmetric arrangement of tuyeres generally resulted in 
higher shear stress levels as compared to the symmetric 

ar r ang erne nt s . 

(11) Projection of the tuyeres into the bath 
perceptibly lo?/ered the shear stress along the bottom only 
v/hen blowing v/ith asymmetrically placed tuyeres. Projections 
of symmetric a.lly planed tuyeres did not yield any regula,r 


trend 
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Th^ problon of bottom refractoiy wear ho.s boon 
discussed in tbo light of the findings in the present inTss— 
tigation. 
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SUGGESTIONS EOH EUTUEE WOBIC 

The model set-up fabricated in connection with 
this work may be utilised for further studies as follows: 

1. Shear stress measurements may be undertaken 
with gas lancing from the top as in LD process of steel- 
making. 

2. Mixing in the liquid bath as a function of 
process parameters may be investigated. However, this 
may require development of a technique to monitor mizii^. 

3. The break up of the jet may be studied by 
movie photography. 

4. Slag -metal type reactions may be investi- 
gated with ?7ater to simulate the metal and, may be, paraffin 
to simulate the slag. 

5. Mass transfer from the jet to the liquid 
may be investigated. 

6. Solid powders may be injected into the jet 
and their motion studied. 

7. Actual rate of corrosion-erosion may be 
measured by developing a c or-roding-eroding plate and 
putting it at the bottom of the model. 
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APPENDIX I 


CADCULAPION PEOCEDOHES 

A1.1. CAlCULiiPIOF OP PLOW HALE OP AIR 

Iho flov? rate of air v/as neasurod using an 
orifice iootor. Equation 2.3 was usod for the- calculation 
of the flow rate and is reproduced bclov7; 

W = 34.77 Dg KY^ .//yT A1.1 


where 


and 


7f = nass flow rate of air, gio/soc, 

Dg = diaioeter of the orifice, cn, 

K = flov/ co--fficient , dinensionless, 

= expansion factor, dinonsionloss, 

= density of air at upstrean pressure tap 
c 0 nd it i ons , gn/ c c 

h^^ = diff Grentia.1 pressure across the orifice, 
cn of wa.tor. 


Poliowing are the stops inYolYod in the 
1 

ca,lculation . 


G-iYon; pressure P^ in cn of nercury a.t upstrean pressure 

tap, tenperature T, D2, and height of the water 
bat:h h. 



156 


1 . Calculate. 


p = V®1 

whore = hiarieter of the pipe of the orifice not or. 

2. Calculate the oxproision factor using the following 
onpiric al expr s s s i on ; 


1 - (0.41 + 0.35 $f- 


A1.3 


where 


ratic 


specific heo,t of air at constant 


pressure to its specific heat at coustont voIiki 
= 1.4, 

and 6 ? = differential pressure across the orifice 
= 13.65 cn of norcuzy . 

3 . Calculate at teriperature t and pressure 2^. Density 
of air at SIP is to be trhon fron published data. 


4 . Calculate W using Bq., .41.1 in toms of K. 


5 . Calculate the Reynolds nunbor (referred to th^ 

-lLw 

dianotor of the orifice) in toms of K using the 
following expression 


1.273 W 

Do U . 

2 ear 
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where = viscosity of. air at roon tsnperature, poise. 

Deternine the approxiriato value ty substituting for 

K. The value of K,-^ as a. function and P is available in 
' 1 

the literature . 

6. Detenrdno the value of K using the following empirical 
equation 

K = (1 + -f-) AI.5 

TT 

“Ho' 

The value of A as a function of I>| and p is available in 
the literature.^ 


7. heternino i- bv^ substituting K in the results of Step 4. 


8. Calculate the pressure Pg riJ the tuyere exit in cn of 
nercurj.^ fron tho follov/ing expression 




A1.6 


Calculofo the density '"f air at the tuyere exit 
c Olid it ions . 


2 * 


9. 


Calculate the volunetric flow rate of air fron W ond p 
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Example; 

Given: h,,, = 29.8 on 

w 

P.j = 103.9 cn of nercuiy 
f = 20°G 
^2 = 0.953 en 
h = 40 cn. 

1. p = 0.953/3.81 = 0.25 

2.. P = = 2.19 cn of norcuiy 

Therefore, Y. = 1 - (0.41 + 0.35 x 0.25^) ^ 

I 1 , 4 X 1 03 . 9 

= 0.9938 ■ 

3. Ponsity of ear e.t ST? = 1.293 x 10“^ gn/cc.^ 

Thorofore, = 1.293 x 10 “^ ^ x 

= 1.647 X 10~^ gn/cc 

4. 71 = 34.77 x 0.953^ x 0.9938 Xv'^.647 x 10~^ x V”2978 K 

= 6.952 K 

5. At roon tonpercoturoo , viscosity of aii? fa- about 
1.85 X 10 poise. ^ Therefore 

= 1 .273 X 6.952 K 

0.953 X 1.85 X 10“^ 

= 5.020 X lO"^ K 
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lox p = 0.25 aiid = 3.81 cHj K = 0.5978 
Ihorcfora , = 5.020 x lO"^ x 0.5978 

= 3.001 X 10^^ 


6. lor P = 0.25 and = 3.81 cn, A = 200, Thorc-foro 


E = 0.5978 (1 + 


200 


3.001 X 10" 


■) 


= 0.5978 X 1.007 = 0.6020 


7. 7/ = 6.952 X 0.6020 = 4.185 gc/soc 


8 . = 76 + 


40 


13.6 


78.94 


Tliorof cr.-- 


r 2 


1.293 X 10"^ X X 

7o 23i} 


= 1.2o1 X 10 ^ grj/cc 


9. Vclunotric flow ro.te of air 


4.185 


1.251 X 10 ^ 

3.345 X 10^ cc/sGC 


i.-.s " 200.7 liters/iiiii. 


A1.2. GiiCULADION 01 k, x Ml 


/rm 
k and k ’ ^ 


Equations 2.7 and 2.8 have heon used to calcula.to 
and aru reproduced holow after sinplification: 
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k = 


96500 nd C, 

G D 


kl.? 


and 


k' 




X k 


LI *8 


where 

= arerago current, anpores, 

= electrode dianeter, -cn, 

C-^ = hulk conceiatra.tion of oxygen, nolo/cc, 

kJ 

and = fluctuating conponont of current, anpores. 

Equations 2.10, 2.13-2.15 hajvG boen used to calculate t csnd 
nd arc sinplifiod as follows: 


= 1.546 dyi 


LI. 9 




3lk 


,2 


A1 . 1 0 


T = - 


Hi 


11 . 1 1 


2 

\l T’ ^ = _ p. 


1 


,2 


A1.12 


v\?hcrG 

D = diffusion coofficiont of oxygon in the electrolyte, 
2/ 

era /sec 

s = average volocity gradient at the wall, soc“^ 
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s' = fluctuations in velocity gradient at the wall, 

-i 

SC5C 

= viscosity of the electrolyte, poise. 

The steps involved in the calculation are given 

below s 

Given s the indifferent electrolyte used, d., tenper- 

— /” 2 
ature T, 1^-, i,’ . 

%JL 

1. Calculate G, at tonpjrature S using Eq. A2.6, Appendix II. 

Li _ 

1 =^ 

2. Calculate k andv k' using Eqs. A1»7 and nl.S. 

3. Calculate D at tenperature T using Eq. A2,2, Appendix II. 

4. Cal-culate s eiid.\l s'^ using Eqs. A1.9 and AI.IO. 

5. CcAculCito y-| at tenperature T using Eq. A2,7, Appendix II. 

f-xar 

■ 9 

6. Calculate and ~ using nqs. A1 , 1 1 and A1.12. 

Exanple ; 

Givens 

Electrolytes 0.1 nole/liter KOH, 

T = 293 °K, 

= 0.0213 cn, 

i.:j^ = 0.626 pA, 

n/ i'^ = 0.091 pA. 


and 
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log C 


G. 


1 


2. k 


^ = - 6.5885 - 738.25 {-^^q 

= - 6.5638 

2.730 X 10“'^ iiolo/cc 

0.626 X 10 "^ 

96500 Ti X 0.0213^ X 2.730 


293 


) - 0.1 X 10 


-3 


— P 

= 1.67 X 10 cn/sGc 


J\ 


0* 09.1 X 1 67 X 10*”^ 
0.626 ^ ‘ f X 


= 2.43 X 10 ^ crj./3BC. 


3 . log D 


4.710 + 3.446 


= - 4.769 

D = 1.70 X 10"^ cnVsoC. 


4. s 


1.546 X 1.67^ X 10 ^ X 0.0213 


529.7 


/: 


. ^P,2 m-^O 

1.70 X 10 


.-3 


_ 3 X 2.43 X 10 ^ X 527. 9 

1.67 X 10“^ 


230.4 


5. log P-3_ = log 0.0091 - 2.884 
= 0.0102 poise. 


X 174.6 
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529.7 X 0.0102 
5.38 clyiios/cn^ 


230.4 X 0.0102 

n 

2.34 dyiiGs/cn 


Rofercncos; 

1. Steams, E.R., Jolmson, R.S. , Jacksoa, R.M. aad 
Lcxson, G.A.; 'Rlow Moasuroneat with Orifice Meters', 
D. Van Rostrand Co, Inc., Hev/ York (1951). 

2. 'Handbook of Gherdstry end Physics', Edited by 
Hodgnan, C.D. ot al., Ghonical Rubber Pub. Go,, 
Cleveland (I96l). 




Appsroiz II 


PEOPEETISS OP IHB EltECTROIYTl 

The electrolyte employed for the measurement of 
the mass transfer coefficient and the ?/all shear stress by 
the electrochemical technique was a solution of sodium 
hydroxide or potassium hydroxide in distilled water. The 
concentration of EaOH or KOH was 0,1 mole/liter. Analytical 
grade chemicals were always employed in the preparation of 
the electrolyte. Oxygen dissolved in this solution acted as 
the electroactive species and was in equilibrium with air at 
the room temperature. The method of calculation of the 
diffusion coefficient (P) and the concentration (G^) of 
o:cygen in the electrolyte and the viscosity of the electrolyte 
at the temperature of the experiments are described in the 
following sections. 

A2.1. DIPPUSIOE COSPPICIEET OP OrTG-EE 

The effect of small concentrations of IJaOE or 

KOH on the diffusion coefficient of oxygen in water has been 

1 -t 

reported to bo quite small. Therefore, the values of the 

diffusion coefficient of oxygen in water as such have been 
used in the present investigation. 
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I'iiG values of the diffusion coafficioiit of oxygon 
in water at 298°K,as reported in- the literature, are botween 
1.90 X 10"^ and 2.00 x 10“^ g's?/&qc J~^ Tham et al^ gave tho 
following formula for the tomperaturo doponddnee of tho 
diffusion coefficient; 

InD = 1>- ^238+ ^ - f ) A2.1 

whore D = diffusion coefficient at T°K, 

^298” diffusion coefficient at 298°K, 
and R = universal gas constant. 

Talcing 1.95 x 10 ^ cm /sec as the average value of 0253, the 
following expression wa,s obtained v/hich was utilised to 
calculate the diffusion co -efficient at the teap-orature at 
which the experiments w'ere conducted; 

log B = - 4.710 + 3.446 ^ 2*2 

The uncertainty in the value of I) so calculated is estimated 
to be about 5 pet. 

A 2 . 2 . COhCEUlilATION OR OXIGEH 

The data on the concentration of oxygen in water 

in equilibrium with air at various temp-eratures were taken 

5 

from published literature and the following equation was 
fitted into thorn; 



166 


log G° = - 6.5885 - 758.25 12.3 

whorti 0° is tho concentration of oxygen in water in molos/cc 
at lOK. 

2 

Daris ot al gave an empirical expression for 
calculating the solubility of oxygen in aqueous solutions 
of potassiim hydroxide which is as follows: 

log S = log - 174.6 12.4 

where S = solubility of oxjrgen in the electrolyte, 
moles/cc , 

= solubility of oxygen in v^ater, molos/cc, 
and ^KoF ~ concentration of potassium hydroxide, moles/cc. 

Similojly, for aqueous sodium hydroxide one can obtain^: 


log S 


= loe 


182.0 C 


FaOH 


A2.5 


whore = concentration of sodium hydroxide, molos/cc. 

Using Aquations 12.3-12.5, the following expression vvr 3 ,s 
obtained for the concentration of oxygen in the electrolyte 
in equilibrium with air at T°K. 


log = - 6.5885 - 738.25 (~ - ^) - 0.1 K' 12.6 


where K' is equal to 174.6 for KOH and 182.0 for llaOH. 
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The error In the value of 0^ so calculated is expected to be 
within 1 pet. 

A2.3. YISCOSITY OF THE ELICTEOIYTB 

6 7 

Using the values reported in the literature ’ 
following expressions were obtained for the viscosity 
the electrolyte at temperature T°K: 

log = log 2.884 (— A2.7 

where viscosity at 298°K, poise. 

The reported value of 0.0092 poise for 0.1 mole/liter 

NaOH solution and 0.0091 poise for 0,1 mole/liter KOH 
solution.^ Equation A2.7 is expected to give values of p]_ 
within 1 pet. 
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APPEroii III 


ESSUITS OE EKPEHIiiEflDS 

Eesults of tho study of gas mixing in coaxial 
jets are presented in fables A3.1a~A5.1c. Tables A3. 2a 
to A5.2m present' the results of measurement of mass 
transfer coefficient and wall sliear stress in experiments 
with single tuyere. Tabic A3.2n presents the values of 
%;u ^^Pr' calculated from these data. Results of 

experiments ?/ith multiple tuyeres are presented in 
Tables A3. 3a to A3.3g. Diameter of the el-ajtrodes for 
experimonts 7/ith single tuyere arc- given in Table A3.2o. 
For the electrodes used in experiments with multiple 
tuyeres, the diameters are given in Table A3.3h. 
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Table 13.1a. Results of Gas Mixing Studies 

h = 40 cm. = 50 liters/min, 

j~ - — pet. 


r, JQqq = 
mm l ^ ° 2 

5 liters/min. 

11 

CM 

O 

._cP_ 

7.5 liters/ 
min. 

o 

1! 

10 liters/min 

4 ■ ' ' ' . 

jz=1 cm 

T : 

T ■ 

|z=3 cm 

t ■ 

f 

|z=5 cm 

1 

{z=1 cm 

1 . - — 

f 1 

’z=3 cm|: 

-1 - - - .-.- 1 - 

z=5 cm 

II 

o 

B ; 

1 ■ 

jz=3 cm 

t 

;z=5 cm 

t 

0 1.9 

9.1 

9.8 

2.7 

13.1 

15.1 

6.2 

17.5 

17.9 

2 

• . 

— 

- 

- 

- 

12.2 

- 

- 

3 16.3 

11.0 

10.0 

17.0 

15.4 

15.1 

_ 

21.1 

20.0 

4 - 

— 

— 

— 

— 

— 

23.8 

- 

_ 

6 12.7 

11.9 

10.5 

21.0 

16.1 

14.8 

26.1 

22.1 

19.7 

8 

— 

— 

— 

— 

- 

20.3 

— 

- 

9 10.0 

11.4 

9.3 

15.0 

15.2 

14.9 

- 

22.1 

20.0 

10 

— 

— 

— 

— 

- 

18.0 

— 

- 

12 8.7 

1 1 .6 

10.9 

14.4 

15.0 

15.2 

- 

20.8 

20.2 


Table 13.1b, Results of Oas Mixing Studies 

h = 40 cm. Q . = 100 liters/min. 

air 


pet. COg 


r, i. 

mm IQ,-, = 

, ^02 

! 

5 liters/min. 1 

11 

(M| 

O 

O 

1 

10 liters/ 
min 

/°2 ° 

15 liters/min, 

? 

?z 

! 

1=1 cm 

? 

',z=3 cm 

1 

;z=5 cm 

1 

;z=1 cm 

! 

’,z=3 cm 

t 

1 

',z=5 cm 

t 

t 

\z=^ cm 
! 

! 1 

’,z=3 cm' 

? 

! 

lz=5 cm 

0 

0.58 

2.3 

4.8 

1.2 

5.6 

8.5 

2.6 

7.2 

14.8 

1 

1 .3 

3.2 

- 

1.3 


— 

2.9 



2 

2.3 

4.1 

“ 

5.5 

— 

— 

7,9 

8.4 


3 

6.4 

4.9 

4.9 

15.5 

9.5 

9.6 

20.1 

12.4 

15.0 

4 

7.2 

5.7 

- 

16.9 

— 


29.7 

18.4 


5 

6.9 

5.1 

- 

16,9 

— 


28,4 

19.3 


6 

5.2 

5.1 

5.4 

12.4 

10.6 

9.8 

22.5 

18.6 

15.4 

9 

3.4 

5.1 

5.0 

9.9 

9.8 

9.6 

15.1 

16.4 

15.3 

12 

3.3 

5 . 1 

5.4 

9.1 

10.4 

9.4 

14.4 

14.5 

14,9 
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Table A3. 1c. Results of Gas Mixing Studies 
h = 40 cm. = ”^50 li' 


Q . = 150 liters/min. 


:%o. 


=7.5 liters/ 


pet. GO 2 
„ = 15 liters/ 


= 22.5 liters/ 







Table A3. 2a 


. Eosults of Measurement of Ifess Transfer 

Coefficient and, Wall Shear Stress in Experiments 
with Single Tuyere j Indifferent Electrolyte - KOH 


h = 40 cm 


1 == 0 

V(i 

+ ip = 

: 0 


Electrode 

Eo. 

I 

f 

jTenp. , 

; °c 

f . 

f 

f 

T 

1 

Q + Q . j 
s 

liters/mn. 

1 k j cm/s3c 

t - - - 

{ T, dynes/cm^ 

r , , , , 

T f 

{Average ,'r.m. s. 

{x 10^ {vctLucxIO^ 

j I 

i t 

{Average { 

f 1 

f ' t 

r 1 

i 

r.ra. s, 
value 


20 

201 

16.7 

2.41 

5.33 

2.31 


20 

141 

14.8 

1.85 

3.72 

1.40 


21 

100 

13-3 

1.54 

2.67 

0.95 


21 

53 

11.5 

1.24 

1.70 

0.60 


18 

200 

9.61 

0.31 

1.19 

0.117 

■R 

18 

141 

9.1 A 

0.43 

1 .24 

0.165 


18 

100 

9.22 

0.56 

1.05 

0.190 


18 

52 

9.98 

0.95 

1.34 

0.38 


18 

200 

6.91 

0.54 

0.45 

0.105 

■R 

18 

141 

6.76 

0.69 

0.42 

0.126 


IS 

100 

7.68 

1.10 

0.61 

0.262 


IS 

52 

9.47 

1.17 

1.14 

0.43 


18 

200 

5.38 

0.54 

0.209 

0.063 

B 

18 

141 

5.71 

0.72 

0.250 

0.095 

4 

18 

100 

6.22 

1.00 

0.32 

0.156 


18 

52 

7.53 

1.25 

0.57 

0.286 


16 

199 

4.72 

0.64 

0.155 

0.063 


16 

140 

5.27 

0.73 

0.210 

0.088 

5 

16 

98 

5.59 

0.86 

0.258 

0.118 


16 

52 

6.71 

1.08 

0.45 

0.213 


17 

199 

4.31 

0.142 

0.112 

0.011 

s 

17 

140 

4.35 

0.177 

0.117 

0.014 

1 

17 

98 

4.55 

0.146 

0.117 

0.011 


17 

52 

4.54 

0.155 

0.133 

0.014 


17 

199 

7.19 

0.241 

0.53 

0.053 


17 

140 

7.38 

0.279 

0.57 

0.064 

'^2 

17 

98 

7.66 

0.293 

0.63 

0.072 


17 

52 

8.23 

0.328 

0.79 

0.094 


C ontinued. . . 






T a,blG A3 . 2a (C ontinued ) 


f 

Electrode |Temp. , 

No. 1 °C 

1 ■ 

f"' 

? " 

r 

f « • 

; 

Jliters/min, 

f 

f 

'f ■ " ■ . . 

f. 

{ k, cr^sec 

r _ 

■t 

f T 



dynes/cE 

f 

(’Averse 

1 '5 

'x 10^ 1 

f 1 

vaJUicxI 0" 

1 ' ■ I • 

Average 1 r.m. s. 

> j { value 

!■ , , , f . 

1 


17 

199 

21.19 

0.378 

13.5 

0.72 

■a 

17 

140 

22.14 

0.347 

15.4 

0.72 

^3 

17 

98 

22.52 

0.316 

16.2 

0.68 


17 

52 

23.65 

0.177 

18.7 

0.42 


17 

199 

7.14 


0.52 



17 

140 

7.10 

0.227 

0.51 

0.049 

^ A 

17 

98 

6.91 

0, 184 

0..’7 

0,038 


17 

52 

6.67 

0.259 

0.42 

0.049 




Table A3. 2b 


. Sesults of Measuroment of Wall Shear Stress in 
Exporiments with Single Tuyoroi Indifferent 
Electrolyte - KOH 


h = 40 cm. 

1 = 

0 


+ Q^) = 0.05 


Electrode 

Temp. , 

f 

t 

f 

(Qg ^ 

f 

! 

1 .. : 

dynes/cm^ 

Mo. 

r 

■ ■ f 

oQ 

? 

! 

1 

liters/min. 

t 

Average 

i 

f 

{ r.m.s. value 



18 


201 

5.30 

2.31 

=1 

18 


141 

3.65 

1.39 

18 


100 

2.73 

0.91 


18 


53 

1.76 

0.59 


18 


201 

1.19 

0.117 


18 


141 

1.24 

0.165 

18 


100 

1.05 

0.190 


18 


53 

1.34 

0.38 


18.5 


201 

0.43 

0.102 

=3 

13.5 


141 

0.41 

0.125 

18.5 


100 

0.58 

0.252 


18.5 


53 

1.07 

0.40 


Same 

as 

in Table A3 

. 2a. 


Be 






5 
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Table A3, 2c 


h = 40 cm 


Eesults of Measurement of Wall Shear Stress in 
Experiments with Single Tuyere,* Indifferent 
Electrolyte - EOH 


1 = 0 


%/(% + = 0.10 


Electrode 
Eo. 




T, dynes/cm*^ 


00 

! 

f 

r 

f 

« j t 

liters/min, j 

L__ 

Average 

I ^ 

{ r.m. s. value 

r 

20 . 


201 

4.84 

2.09 

18 


141 

3.20 

1.18 

18 


100 

2.32 

0.72 

18 


52 

1.51 

0.46 

18 


201 

1.14 

0.113 

18 


141 

1.14 

0.149 

18 


100 

1.05 

0.190 

18 


52 

1.29 

0.37 

Same 

as 

in Table A3. 2a. 




B. 


B. 


b' 
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Table A3. 2d. Eesults of Measurement of Wall Shear Stress in 
Experiments with Single Tuyerei Indifferent 
Electrolyte - KOH 

• ' • # 

h = 40 cm. 1 = 0.65 cm. + Q^) = 0 


Electrode 
No. 1 

Temp, , 
oQ 

! (Q3 + 

1 ^ J 

f liters/min, 

■ '■■f '' - ■ ... " .. ■ 

f ^ f 

f . - - 

r 

Average 

_i 

dynes/cm^ 

f 

1 r.m.s. value 


19.5 

201 

4,29 

1.96 


19.5 

141 

3.01 

1.19 


1 

19.5 

100 

2.59 

0.90 


19.5 

53 

1 .63 

0.57 


18 

200 

1.10 

0.111 


18 

141 

1.10 

0.136 


18 

100 

1.05 

0.190 


18 

52 

1.29 

0.35 

®4 


Seme 

as in Table A3 

.2a. 
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Table A3.2e. Results of Measurement of Wall Shear Stress in 
Experiments with Single Tuyere | Indifferent 
Electrolyte - KOH 


h = 40 cm. 


1 = 0.65 cm. 


Q.) = 0.05 

3 ' 

■ ;f 

Electrode [ 

Temp. , 

OQ 

1 (Qg + Qj, J__ 


dynes/cm^ 

Ro. I 

r 

1 s 0 t 

1 liters/min. 1 

Average 

f ' ■ 

{ r.m. s. value 

t 


20 

201 

4.03 

1.81 

=1 

20 

141 

2.88 

1.15 

20 

0 

0 

2.48 

0.83 


20 

52 

1.50 

0.48 


18 

200 

1.10 

0.111 


18 

141 

1.10 

0.136 

^2 

18 

100 

1.05 

0.190 

^4 

18 

52 

1.29 

0.35 

^5 

S3 

Same 

as in Table A3 .2a 
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Table A3.2f. Hesults of Measurement, of Wall Shear Stress in 
Experiments with Sir^le Tuyere; Indifferent 
Electrolyte - KOH 


h = 40 cm. 

1 

= 0.65 cm. 

Qs/(Qs + 

Q.) = 0.1 

tl 

" ' . f 

1 

Electrode j 

f 

! 

Temp., 

.. j 

(1 + i 


2 ^ 

dynes/cm 

No. 1 

f 

T 

OC 1 

1 

-f - 

S 3 r 

liters/min. * 

■■■f 

Average 

' 'f 

1 r.m.s. Talue 

f 


19 

201 

3.78 

1.71 


19 

141 

2.76 

1.08 


19 

100 

2.45 

0.74 


19 

53 

1,52 

0.47 


18 

200 

1.10 

0.111 


IS 

141 

1.10 

0.136 


IS 

100 

1.05 

0.190 


18 

52 

1.29 

0.359 












Same as in Table A3. 

2a. 




Electrolyte - KOH 


h = 40 cm. 


1 = 1.3 cm. 


«s/Ws ■" ® j ^ ' ° 


- ; -— »■ 

— f 

— — 1 

J 

dyaes/cm 

Electrode i 

No. 1 

' ■ ,' f' 

Temp.j ! 
oG ! 

(Q + ) > t — 

^ s 3 ' 

liters/min. ! 

Average 

' , f 

} r.m# 

, -j — — — 

s. value 


, » 

19. 5 

201 

3.66 


1.92 


19.5 

141 

2.51 


1.02 


19.5 

100 

2.34 


0.82 


19.5 

53 

1.57 


0.54 


18 

200 

1.10 


0.111 


18 

141 

1.10 


0.156 

®2 

% 

18 

100 

1.05 


0.190 


18 

52 

1.29 


0.354 


E, 


B 


4 


B. 


Same as in lalle A3. 2a. 


'3 



Table A3»2h.. 









Results of Measurement of Wall Shear Stress in 
Experiments with Single Tuyere; Indifferent 
Electrolyte - ZOH . 


Electrode,' Temp 


Same as in Table 13. 2i 


Table A3. 2k. Results of Measurement of Wall Shear Stress in 
Experiments with Single Tiiyore; Indifferent 
Electrolyte - KOH 


h = 30 cm. 


1=1.3 cm. 


Q / (Q + Q . ) =0 
s' s 3 


Electrode! Temp., ’ (Q + q_)^ i 


' s ' 3 - 
liters/min. 


r, dynes/cm'^ 

! 

Average } r.m.s. value 


26.5 

26.5 

26.5 


205 

2,72 

1.04 

146 

1.94 

0.64 

104 

1.33 

0.41 

52 

1 .02 

0,291 

205 

0.64 

0.165 

146 

0.59 

0.116 

104 

0.40 

0.156 


Same as in Table A3.2i. 
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Table A3. 21. Eesults of Measurement of Wall 
Experiments with Single Tuyere j 
Electrolyte - KOH 

h = 20 cm. 1 = 0 

Shear Stress in 
Indifferent 

) = 0 

p-— p- 

! r 

Electrode! Temp.^ { 

(Qg + Qj )y 

f 

\ T, 

p ■ ' ' 

dynes/cm 

Eo. 

; oG 

! 

liters/min. 

■f 

{ Average 

f 


{ r.m.s. value 

t , 


18 

204 

3.96 


1 .64 


18 

146 

2. 13 


0.77 

\ 

18 

104 

1. 19 


0.42 

;< 

18 

204 

0.39 


0.139 

Bo 

18 

146 

0.26 


0.077 


18 

104 

0.26 


0,140 


18.5 

204 

0.091 


0.045 


18.5 

146 

0.129 


0.044 


18.5 

104 

0.178 


0,096 


18.5 

204 

0.051 


0.026 


18.5 

146 

0,113 


0.043 


18.5 

104 

0.162 


0.100 


18.5 

203 

0.043 


0.022 


18.5 

146 

0;091 


0.036 


18.5 

104 

0.162 


0.104 
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Table A3. 2m, Eesults of Measurement of w'all Shear Stress in 
Experiments with Single Tuyere? Indifferent 
Electrolyte - KOH 

h = 20 cm. 1 = 0 ^ “ 0,10 


f 

1 

Electrode { 
No. ' 

I 

I 

Temp. , 
00 

! f 

i (1 + 1). !_ 

! » J t 

1 liters/min, } 

- f - - ■ t 

'C, 

Average 

dynes/cm^ 

f . 

5 r.m. s. value 

1 


18 

204 

2.34 

0.86 


18 

146 

1.99 

0.71 


18 

104 

1.67 

0.54 

^2 

®3 

18 

52 

1.10 


Same 

as given in Table 

A3. 21. 




Table A3.2n. Calculated Values of 11^, at Electrode and 

iziU I 

, in Experiments with Single Tuyere 


1/d, 


0,05 


0.10 


0.05 


0.10 


0.10 


(Qg + ' 

^ j f 

litors/min. | 

- - - f . 


201 

4.19 

141 

5.94 

too 

8.47 

53 

19.19 

201 

4.52 

141 

6.41 

100 

9.53 

53 

20.86 

201 

4.66 

141 

6.26 

100 

9.02 

52 

20.90 

201 

3.37 

141 

4.79 

100 

8.20 

53 

18.38 

201 

3.50 

141 

5.10 

100 

8.72 

52 

17.88 

201 

3.65 

141 

5.43 

100 

9.54 

53 

21.16 

201 

2.87 

141 

4.00 

100 

7.47 

52 

17.73 

201 

2,28 

141 

4.64 

100 

8.65 

52 

21.10 

205 

3.26 

146 

4.28 

104 

6.24 

52 

14-60 


3.25 
1 .61 
0.810 
0.228 


1 .45 
0.73 
0.215 

2.63 
1 .30 
0.66 
0.193 

3.26 

1.60 

0.81 

0.226 

2.63 
1,30 
0.65 
0.19 

2.64 
1.30 
0.65 
0.193 

3.26 
1 .60 
0.81 
0.226 

2 .64 
1.30 
0.65 
0.193 

4.38 

2.22 

1.13 

0.282 


G oiitinuvid . . . 



1S6 


Ta.ble 

A3. 

2n (Continued) 





! 

I 

hj J 

cm 1 

T 

t 

1/d 

^ A * 

* O' f 

' r f 


1 

Hj 

MBm 


30 

0 

0.10 

204 


3.17 

3.54 




146 


3.88 

1.80 




104 


6.09 

0.92 




52 


14.84 

0.221 

30 

2 

0 

205 


2.20 

4.38 




146 


3.20 

2.22 




104 


4.36 

1.13 




52 


11.86 

0.282 

20 

0 

0 

204 


3.03 

6.74 




146 


3.21 

3.41 




104 


3.52 

1 .74 

20 

0 

0.10 

204 


2.21 

5.45 




. 146 


3.70 

2.78 




104 


6.11 

1 .41 




52 


16.05 

0.34 








187 


Tabl© A3.2o. Diame'fcers of "the Electrodes Employed in Sxperiiaen.'*' 
with Single Tuyere 


i 

f 

t 

Electrode No. { 

t 

f 

! 

de’ 

r i 

[ Electrode Ho. 1 

1 ! 

cm 

h 

0.0213 

Si 

0,0219 

''2 

0.0213 

^2 

0.0219 

=3 

0.0213 

S3 

0.0219 

h 

0.0213 

S4 

0.0219 


0.0213 

S5 

0.0219 


0.0219 
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'Table A3. 3a, Results of Measuremerib of Shear Stress in 

Experiments with toltiple Tuyeres; Indifferent 
Electrolyte - J^aOH 

Uo. of tuyeres - 3 (symmetric) 1=0 

Positions - 1, 2 and 5 (Refer Figure 2.3) h = 40 cm. 


I t 

t ! 

Electrode J Ten^),, } 

Ro. I °G ' 

! ■ ^ ' f 

f L 


i 't, dynes/cm^ 

1 ... - ^ 

f t 

{ Average J r.m.s. value 

J I ^ 

3 

30.5 

303 

2.35 

1 

.31 


30.5 

235 

1.36 

0 

72 


30.5 

197 

1.09 

0 

53 


30.5 

104 

0.58 

0 

255 

4 

30 

302 

1.76 

0 

.80 


30 

235 

1.33 

0 

,60 


30 

197 

1.19 

0 

.52 


30 

104 

0.80 

0 

.38 

5 

30.5 

303 

3.81 

2 

10 


30.5 

197 

2.61 

1 

28 


30.5 

104 

1.28 

0 

55 

6 

32 

304 

3.08 

1 

79 


32 

251 

2.50 

1 

14 


32 

198 

1.71 

0 

76 


32 

105 

1.01 

0 

77 

8 

30 

298 

0.91 

0 

38 


30 

252 

0.79 

0 

32 


30 

198 

0.72 

0 

286 


30 

103 

0.75 

0 

34 

9 

31.5 

299 

0.43 

0 

174 


31.5 

252 

0.41 

0 

159 


31.5 

199 

0.39 

0 

144 


31.5 

104 

0.51 

0, 

194 

10 

32 

299 

0.42 

0, 

174 

32 

252 

0fc4 1 

0. 

161 


32 

199 

0.34 

0 

128 


32 

103 

0.54 

0. 

240 


Continued 
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Table A3. 3 a (Continued) 


■f 

! 

Electrode | 
No. ? 

f 

T 

• T 

Temp., i 

°C I 

! 

' f 

* ■ . . ■ f 

L 

liters/min. ' 

- -. 1 .. .. 

ATerage 

2 

dynes/cm 

f ■ ■ ■ ' ■ ■ 

1 r.m.s. value 

t - , 

11 

30.5 

298 

0.251 

0.095 


30.5 

251 

0.222 

0.083 


30.5 

202 

0.208 

0.091 


30.5 

103 

0.299 

0.145 

12 

30.5 

298 

0.110 

0.034 


30.5 

256 

0.086 

0.050 


30.5 

198 

0.236 

0.098 


30.5 

103- 

0.38 

0.201 

13 

32 

299 

6.44 

3.29 


32 

252 

2.70 

1.50 


32 

199 

1.50 

0.84 


32 

104 

0.75 

0.32 

15 

32 

301 

0.88 

0.34 


32 

252 

0.78 

0.292 


32 

201 

0.68 

0.254 


32 

105 

0.74 

0.304 

18 

51 

301 

0.55 

0.167 


31 

252 

0.52 

0.158 


31 

201 

0.52 

0.166 


31 

104 

0.57 

0.219 

21 

31 

300 

0.47 

0.136 


31 

252 

0.45 

0.132 


31 

202 

0.52 

0.163 


31 

104 

0.66 

0.234 

24 

33 

300 

1,12 

0.54 


33 

255 

1.21 

0. 55 


33 

202 

1.16 

0.55 


33 

105 

1.03 

0.297 
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Tablo A3.31 d. Results of Measurement of Shear Stress ia 

Experiments with Miltiplo Tuyeres | Indifferent 
Electrolyte - KOH 

No. of tuyeres - 3 (symmetric) 1 = 1.3 cm 

Positions -1,2 and 5 (Refer figure 2.3) b = 40 cm 


Electrode 

No. 

f 

f 

J Temp., 

; °c 

! 

\ 

f 

I 

I litcrs/min. 

1 

1 

* % 

I 5 

1 - - - - 

1 

{ Average 

f 

dyncs/cm^ 

f 

{ r.m.s. value 

- .! - - - 

3 

32.5 

293 

0.77 

0.265 


32.5 

250 

0.55 

0.174 


32.5 

202 

0.38 

0,115 


32.5 

108 

0.28 

0.093 

4 

33 

293 

1.45 

0.53 


33 

202 

0,86 

0.31 


33 

108 

0.61 

0.237 

5 

32.5 

293 

4.18 

2.12 


32.5 

252 

. 3.25 

1 .60 


32.5 

203 

2.33 

1 .11 


32.5 

108 

1.04 

0.40 

o 

33 

293 

1 .06 

0.37 


33 

252 

0.88 

0.322 


33 

203 

0.83 

0.275 


33 

108 

0.79 

0.259 

8 

35 

295 

0.82 

0.303 


35 

252 

0,78 

0.293 


35 

203 

0.82 

0.293 


35 

109 

0.75 

0.257 

10 

33.5 

294 

0.58 

0.233 


33.5 

244 

0.58 

0.218 


33.5 

203 

0.61 

0.225 


33.5 

108 

0.61 

0.280 

12 

33 

288 

0.271 

0.105 


33 

252 

0.245 

0.095 


33 

203 

0.192 

0.030 


33 

108 

0.278 

0.113 


C ontinued 
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,Tablu A5.3b (Continued) 



13 

32.5 

292 

1.62 

0.68 


32.5 

252 

1.25 

0.56 


32.5 

203 

1.07 

0.38 


32.5 

108 

0.87 

0.40 

15 

32 

291 

0.82 

0.271 


32 

252 

0.6 1 

0.210 


32 

203 

0.47 

0.166 


32 

108 

0.51 

0.240 

18 

33 

292 

0.69 

0.304 


33 

252 

0.59 

0.168 


33 

203 

0.51 

0.191 


33 

105 

0.61 

0.230 

21 

32 

291 

0.51 

0.180 


32 

252 

0.46 

0.175 


32 

203 

0.46 

0.175 


32 

105 

0.54 

0.255 

24 

32 

291 

0.69 

0.40 


32 

252 

0.41 

0.238 


32 

203 

0.36 

0. 166 


32 

105 

0.37 

0.158 





Tablo A3. 3c. Results of Measur 
Experiments Tirith : 
Electrolyte - KOH 

Eo, of tuyeres - 3 (Asymmetric) 

Positions - 1, 2 caid 12 (Refer ] 


I I 

1 r 


Electrode 

IIo. 

{ Temp . , 

1 00 

f . ^ -if 

I ■ j 

{ litcrs/iiin. 

f - 

3 

31.5 

294 


31.5 

202 


31.5 

104 

4 

52.5 

292 


32.5 

252 


32.5 

203 


32.5 

104 


32.5 

291 


32.5 

252 


32.5 

203 


32.5 

104 

6 

32 . 5 

310 


32.5 

252 


32.5 

203 


32.5 

104 

7 

32.5 

303 


32.5 

252 


32.5 

203 


32.5 

104 

8 

32 

303 


32 

252 


32 

203 


32 

104 

9 

33 

299 


53 

252 


33 

203 


33 

104 


192 




1.96 

0.76 

1.43 

0.53 

1 .01 

0.36 

2.61 

0.84 

1-94 

0.64 

1.55 

0.49 

2.13 

0.66 

2.00 

0.80 

2.19 

0.87 

2.19 

0.86 

1.94 

0.71 

3.63 

1.73 

2.99 

1 .29 

2.10 

0.89 

2.02 

0.97 

2.70 

1.21 

2.61 

1.12 

2.52 

1.07 

2.26 

1.15 

1.62 

0.70 

1.62 

0.70 

1.57 

0.65 

1.57 

0.76 

1 .68 

0.72 

1.62 

0.66 

1.50 

0.62 

1.50 

0.76 


Continued 
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Table A3. 3c (Continued) 


Electrode 

i 

t 

\ Temp. 

t . , t 

■f " f 

, I Q.j ?_ 


dynas/cm^ 

No. 

' OQ 

t ' 
f 

1 j f 

litcrs/min.. f 

f : - 1 . 

Ivorago 

f ' ' ' ' 4" ' ■' 

1 r.m. s. value 

f 

10 

32.5 

309 

1.12 

0.56 


32.5 

252 

0.93 

0,44 


32.5 

203 

0.74 

0.35 


32.5 

104 

0.83 

0.49 

12 

32.5 

295 

0.315 

0.166 


32.5 

252 

0.35 

0.170 


32.5 

203 

0.35 

0.175 


32.5 

104 

0.77 

0.33 

15 

32.5 

307 

1.84 

0.60 


32.5 

252 

1.73 

0.55 


32.5 

203 

1.38 

0.60 


32.5 

104 

1 .43 

0.46 

21 

33.5 

302 

1 .46 

0.65 


33.5 

251 

1.37 

0.50 


33.5 

203 

1 .14 

0.48 


33.5 

108 

1.02 

0.45 

23 

33 

301 

0.47 

0.199 


33 

252 

0.45 

0.195 


33 

203 

0.45 

0.207 


33 

104 

0.64 

0.259 

24 

33 

301 

0.60 

0.276 


33 

25? 

0.49 

0.237 


33 

203 

0.51 

0.262 


33 

104 

0.77 

0.47 


Tuyere 

, positions changed 

to 1, 5 

and 18 

3 

29.5 

337 

0.274 

0.135 


29.5 

304 

0.296 

0.139 


29.5 

237 

0.311 

0.148 


29.5 

166 

0.289 

0.137 


Continued., . 
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Tabic A3. 3d. Results of Moasurement of Shear Stress in 

Exp oriinent s with , Bfaltiple' fuyereg j Indiff orent 
Electrolyte - ITaOH 

lo. of tuyeres - 6 (symmetric) 1 = 1,3 

Positions - 13, 15, 17, 19, 21, 23 (Refer figure 2.3) h = 40 ; 


Electrode Temp. 
No. ] °C 


liters/mii 


ATorage 


dyiios/cr3 


! r.m.s. value 


0.317 

0.242 


0,164 

0.145 


0.309 

0.258 


0.113 

0.136 


0.119 

0.102 


0.059 

0.054 


0.155 

0.171 


0.100 

0.120 


30.5 

30.5 


0.035 

0.046 


0.014 

0.027 


31.5 

31.5 

31 .5 

31.5 


0.136 

0.086 

0.121 

0.116 


0.062 

0.056 

0,062 

0.065 


29.5 

29.5 


29.5 


0.068 

0.124 

0.073 

0.112 


0.029 

0.073 

0.031 

G.C78 
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Table A3.3e. Results of Measfureffient of Shear Stress in 

Experiments with ttiltiple Tuyeres j Indifferent 
Electrolyte - H’aOSi 

ITo, of tuyeres - 6 (asymmetii-C, ) 1 — 0 

Positions - 1, 14, 16, 24 , 27 and 30 h = 40 on 

(Refer to Eigure 2.3) 


Electrode Temp., 
No. { 

I 


T , dynes/cm^ 


*1 t * 

liters/min. { ATerage { r.m.s, value 




30.5 

339 

30.5 

291 

30.5 

226 

30.5 

149 

30 

339 

30 

291 

30 

225 

30 

149 

30 

339 

30 

291 

30 

225 

30 

149 

30 

339 

30 

291 

30 

226 

30 

149 

31.5 

339 

31.5 

291 

31 .5 

226 

31.5 

149 

30.5 

339 

30.5 

290 

30.5 

226 

30.5 

149 

30.5 

339 

30.5 

290 

30.5 

226 

30.5 

149 


0.81 

0.81 

0.77 

0.71 

2.43 
2.16 
1 .91 
1.91 

2.66 

2,50 

2.84 

2.75 

1.75 
1 .70 
1.75 
1 .54 

1.01 

0.87 

0.77 

0.71 

0.41 

0.41 

0.38 

0.35 

1.45 

1.40 

1.36 

1.40 


0.185 

0.177 

0.159 

0.129 

0.95 

0.84 

0.73 

0.65 

1.21 

1.11 

1.28 

1.15 

0.93 

0.88 

0.90 

0.73 

0.45 

0.40 

0.33 


0.162 

0.161 

0.153 

0.137 


0.63 

0.57 

0.54 


Continued. . . 



Tablf) A3. 3c (Continued) 


— 

f 

{ 

I liters/min. 

1 r, d 

' ; ' 2 , . , ' 

.ynes / cm 

Electrode 

lo. 

J Temp., 

; 00 
! 

f 

1 Average 

r 

Lf 

,m.'S. valuo 

20 

-4- — 

30.5 

30.5 

30.5 

30.5 



339 

290 

226 

149 

1.28 

1.19 

1.10 

1.06 


0.55 

0.49 
' 0.46 

0.40' 

BiiliplilW 

23 

30.5 

30.5 

30.5 

30.5 

' '339'' 

290 

226 

149 

0.316 

0.288 

0.259 

0.203 


0.102 

0.105 

0.078 

0.033 

24 

31 

31 

31 

31 

340 

291 

227 

149 

1.22 

1.17 

1.07 

0.94 


0.73 

0.71 

0.64 

0.56 

Tuyere 

positions changed to 1, 

20, 22, 24, 

30 

and 33 

14 

31 

31 

31 

340 

291 

149 

0.38 

0.328 

0.249 


0.121 

0.099 

0.074 

17 

31 

31 

31 

31 

340 

291 

227 

149 

1.73 

1.73 

1.73 

1.49 


0.60 

0.57 

0.53 

0.42 

20 

31 

31 

31 

31 

340 

291 

227 

149 

1 .80 
1.68 
1.68 

1 .63 


0.61 

0.58 

0.54 

0.56 

23 

30 

30 

30 

30 

349 

296 

222 

163 

0.319 

0.298 

0.285 

0.323 


0.098 

C ,088 
0.081 
0,092 

24 

30.5 

30.5 

30.5 

30.5 

329 

291 

225 

149 

1 .38 

1 .57 

1 .49 
1.27 


0.77 

0.87 

0.83 

0.74 
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4- jSi/X'OSS 

Tublo A3.3i'. indifforent 

No. of tuyeros - 6 (asynmotrio) 

. . 1 14 16, 24, 27 sad 30 

Positions - P iguro 2.3) ^ _ 


1 

h 


U3 cm 
40 cm 


Electrode 
Fo. 


10 


12 


14 


17 


2.0 


'Ey djmes/ciB 

Temp., f _ j "" 

°C I litcrs/min. , Average 


> vsluo 



30 

30 

30 

30 

30 

30 

30 

30 

30.5 

30.5 

30.5 

30.5 

30.5 

30.5 

30.5 

30.5 


30.5 

30.5 

30.5 

30.5 

30.5 

30.5 

30.5 


349 

296 

222 

163 

349 

296 

222 

163 

367 

287 

215 

145 


0.57 

0,59 

0.58 

0.61 

1 .37 
1.43 
1.43 
1.50 

0.82 

0.82 

0.78 

0.69 

0.63 

0.65 

0.53 

0.49 


0.19 

0.19 

0.16 

0.16 


0,61. 

0.62 

0.59 

0.58 


0.43 

0.46 

0.42 

0.35 

0.35 

0.36 

0.33 

0.25 


367 

287 

215 

145 

0.245 

0.245 

0.2.57 

0.211 

0.121 

0.118 

0.123 

0.103 

367 

287 

215 

145 

0.83 

0.93 

0.96 

0.77 

0.39 

0.41 

0.39 

0.28 

367 

287 

215 

145 

0 .61 

0.48 

0.48 

0.45 

0.264 

0.190 

0.176 

0.157 


G ontinuod . . . 
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T able A3.3t (C out inued ) 


Electrode 

Uo. 


f 

t 


litG3^s/inin< 


\ %, dynos/cm 

I Avei^c 5 r.m.s. value 


23 31 

31 


367 0.161 0.078 

145 0.128 0.079 


24 

31 

367 

0.329 

0.172 


31 

287 

0.218 

0.123 


31 

215 

0.231 

0.124 


31 

146 

0.200 

0.112 

luyere 

positions changed to 

1, 20, 22, 24; 

30 and 33 

14 

31 

302 

0.252 

mmm 


31 

146 

0.252 

— 

17 

31 

302 

1 .05 

— 

31 

146 

0.98 

— 

20 

31 

302 

0.95 

— 


31 

146 

0.88 

— 

23 

31 

302 

0.32 


31 

146 

0.33 


24 

31.5 

303 

0.75 

— 


31.5 

146 

0.80 

- 




Tablo A3.3g 


% , djnes/ cm' 




Tabic A 3,3 h . Diameters of the ^5^° 

Experiments with Miltiple Tuy^r^s 


0.0206 

13 

0.0206 

0.0206 

14 

0.0219 

0. 0206 

15 

0.0219 

0.0213 

16 

0.0219 

0.0213 

17 

0.0225 

0.0188 

18 

0.0225 

0.0231 

19 

0.0225 

0.0200 

20 

0.0213 

0.0200 

21 

0.0213 

0.0219 

22 

0.0219 

0.0219 

23 

0.0219 

0.0219 

24 

0.0200 
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